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FIG. 2
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FIG. 4A, 4B, and 4C
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FIG. 6A and 6B
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FIG. 7A
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FIG. 9
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FIG. 10
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FIG. 11Aand 11B
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FIG. 13
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FIG. 15A, 15B, 15C, and 15D
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FIG. 16
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FIG. 17A and 17B
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FIG. 18A-18L
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FIG. 19
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FIG. 21A-21H
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FIG. 22A-22R
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FIG. 23A-23H
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FIG. 26A and 26B
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FIG. 27A-27R
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FIG. 28A-28D
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FIELD OF THE INVENTION

Particular aspects relate generally to the discovery of a
novel metabolic process for converting monolignols into
allyl/propenyl phenols, and more particularly relate to chavi-
col/eugenol formation or production and to the discovery of a
novel chavicol/eugenol synthase that converts p-coumaryl/
coniferyl alcohol esters into chavicol/eugenol, and further
relates to novel compositions and methods e.g., novel pro-
teins and nucleic acids encoding same, and novel methods for
using same for producing or forming chavicol/eugenol in cell
culture and/or genetically modified plants, and for re-engi-
neering the composition of plant biomass.

BACKGROUND

Humanity currently faces enormous political and scientific
challenges in identifying and securing stable future sources of
renewable energy in an environmentally acceptable and sus-
tainable manner (e.g., leading to so-called biofuels/bioen-
ergy). Similar concerns and considerations also apply to the
continued future supply of other key petrochemical interme-
diates, such as monomers needed for sufficient levels of
industrial polymer production (e.g., polystyrenes, polyethyl-
enes, etc.) as well as for stable sources ofkey specialty chemi-
cals (e.g., flavor and fragrance chemicals, which at present are
produced in regions of varying political stability, and which
can also be subject to seasonal (climatic) variations; such
factors often result in unpredictable market prices for these
commodities). This is not a new scientific problem, but rather
reflects one that has been difficult to solve over a period
spanning more than three decades, until now again brought to
the forefront by the most recent biofuels/bioenergy crisis.
Today, about 12% of all the petroleum resources are used for
non-fuel/non-energy purposes, this including polymer and
other specialty chemical applications.

The so-called ‘lignin problem’ or challenge. To date, the
difficulties in plant biomass utilization have centered on the
recalcitrance of the various lignocellulosic matrices present
in (woody) plants; namely, the so-called ‘lignin problem’ or
challenge. Lignins are monolignol-derived polymeric end-
products of the phenylpropanoid pathway (originating from
the amino acids phenylalanine and tyrosine). From a struc-
tural perspective, the lignins, Nature’s second most abundant
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organic substances after cellulose, are amorphous plant cell
wall polymers that make up ca 20-30% of all plant stem
biomass.'®'* More specifically, vascular plant species have
differing lignin contents, with values ranging from ~30% in
conifers (softwoods) to lower amounts (~20-25%) in hard-
woods (such as poplar) and herbaceous plant species, to even
smaller levels in various primitive plant species. The physi-
ological roles of lignins are to engender structural support to
the vascular apparatus, thereby enabling such organisms to
stand upright, as well as providing conduits for water and
nutrient transport, and to provide physical barriers against
opportunistic pathogens. Particular actual (i.e., minimal) lig-
nin contents and/or compositions may be needed for a par-
ticular plant to avoid any deleterious effects for growth/de-
velopment/stem structural integrity, etc. In general, lignins
represent a formidable technical challenge, particularly due
to their intractable nature, for improved plant biomass utili-
zation, e.g., when considering the use of woody biomass for
bioethanol production, as well as for wood, pulp and paper
manufacture.

More specifically, there are two major scientific hurdles
that have not been technically overcome for the facile utili-
zation of this and other plant renewable resources, both of
which involve the polymeric lignins.

The first results from their intractable nature, since lignin
removal has long been a limitation in the processing of wood
for both pulp/paper manufacture and for forage digestibility
by ruminants. This is largely due to the lack of isolated
enzymes and/or proteins that can efficiently degrade lignin
macromolecules, in contrast to reports in the nineteen-eight-
ies that indicated this problem had been solved.>® That is,
nearly twenty years ago, it was reported that several produc-
tive routes for lignin removal from wood had both been dis-
covered and attained via utilization of lignin-degrading
enzymes in fungi/bacteria, and where three candidates ulti-
mately emerged (lignin peroxidase, manganese peroxidase
and laccase). However, this “lignin peroxidase” or “ligni-
nase”® was only assayed initially with an aqueous acetone
extract of spruce wood,> which does not actually extract the
lignins from wood. Twenty years later, none of these enzymes
are (routinely) utilized in biotechnological applications for
lignin removal/separation, and their roles in enzymatic lignin
biodegradation are still in question, as we had noted earlier.”
Today, more than 50 million tons of lignin-derived substances
are generated annually as by-products of pulp/paper manu-
facture within the USA alone.® Other possibilities now being
considered are the putative true lignin depolymerases that
target specific inter-unit linkages in lignin macromolecules.’

The second technological hurdle is that lignins cannot
readily be converted into either ethanol and/or other liquid/
gaseous fuels using currently available fermentation pro-
cesses. Indeed, the polymeric lignins themselves are a formi-
dable physical barrier to an efficient fermentation of
carbohydrate biomass for ethanol generation, and thus their
presence represents a critical problem in making these tech-
nologies more economical.

There is therefore, an urgent need in the art for highly
creative and sound technological solutions for renewable
(plant) resource utilization.

There is therefore, a pronounced need in the art for an
approach whereby the carbon allocated towards lignification
is redirected, to provide for inherently more useful and/or
more easily tractable materials, and to facilitate the genera-
tion of, for example, biofuels from the remaining plant bio-
mass.

SUMMARY OF ASPECTS OF THE INVENTION

Aspects of the present invention provide highly creative
and sound technological solutions for renewable (plant)
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resource utilization. Particular aspects provide a novel
approach whereby the carbon allocated towards lignification
is redirected, to provide for inherently more useful and/or
more easily tractable materials, and to facilitate the genera-
tion of, for example, biofuels from the remaining plant bio-
mass. Particular aspects provide a novel methods for genera-
tion in planta of liquid/combustible allyl/propenyl phenols,
such as eugenol and chavicol. In additional aspects, these
phenolic products are utilized for (non-ethanol) biofuel/
bioenergy purposes, while the remaining plant biomass facili-
tates the generation of, for example, other biofuels.

Particular aspects of the present invention relate generally
to the discovery of a novel metabolic process for converting
monolignols into allyl/propenyl phenols, and more particu-
larly relate to chavicol/eugenol formation or production in
cell culture and/or genetically modified plants.

Certain aspects provide novel chavicol/eugenol synthase
proteins that convert monolignols such as p-coumaryl/co-
niferyl alcohol esters into allyl/propenyl phenols such as
chavicol/eugenol.

Additional aspects provide novel nucleic acids (e.g., genes,
c¢DNAs, RNA) encoding the novel chavicol/eugenol synthase
proteins.

Yet additional aspects provide genetically modified cul-
tured cells (e.g., plant cells) and plants comprising one or
more nucleic acids (e.g., genes, cDNAs, RNA) encoding the
novel chavicol/eugenol synthase proteins.

Further aspects provide novel methods using the chavicol/
eugenol synthase proteins and/or the encoding nucleic acids
and for producing or forming chavicol/eugenol, or increasing
the amount thereof, in cell culture and/or in genetically modi-
fied plants.

Yet further aspects provide novel methods using the chavi-
col/eugenol synthase proteins and/or the encoding nucleic
acids for re-engineering the biomass composition of geneti-
cally engineered cells and plants.

Additional aspects provide novel methods using the chavi-
col/eugenol synthase proteins and/or the encoding nucleic
acids for improved plant biomass utilization (e.g., in view of
biomass utilization for bioethanol production, as well as for
wood, pulp, and paper manufacture, etc.) by re-engineering
the biomass composition of genetically engineered cells and
plants.

Additional aspects provide novel methods using the chavi-
col/eugenol synthase proteins and/or the encoding nucleic
acids for re-engineering the amount and/or composition of
lignins of genetically engineered cells and plants. In preferred
embodiments, the amount of lignins is reduced relative to
wild type (WT; normal cell or plant counterparts).

Further aspects provide novel methods using the chavicol/
eugenol synthase proteins and/or the encoding nucleic acids
for altering/re-engineering the dynamic modulus of geneti-
cally engineered cells and/or plants relative to WT by re-
engineering the amount and/or composition of lignins of the
cells and/or plants. In preferred embodiments, the dynamic
modulus is reduced with reduction in the amount of lignins in
the cells and/or plants.

Yet further aspects provide novel methods using the chavi-
col/eugenol synthase proteins and/or the encoding nucleic
acids for altering/re-engineering the formation of ‘reaction
tissue’ of genetically engineered cells and/or plants relative to
WT by re-engineering the amount and/or composition of
lignins of the cells and/or plants. In preferred embodiments,
the amount and/or composition of reaction tissue is increased
and/or altered with reduction in the amount of lignins in the
cells and/or plants.
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Additional aspects provide novel methods using the chavi-
col/eugenol synthase proteins and/or the encoding nucleic
acids for altering/re-engineering the antimicrobial/analgesic/
plant defense properties of genetically engineered cells and/
or plants relative to WT by re-engineering the amount and/or
composition of lignins of the cells and/or plants. In preferred
embodiments, the amount and/or composition of antimicro-
bial/analgesic/plant defense properties is increased and/or
altered with reduction in the amount of lignins in the cells
and/or plants.

Yet additional aspects provide novel methods using the
chavicol/leugenol synthase proteins and/or the encoding
nucleic acids for altering/re-engineering the flavor/fragrance
properties of genetically engineered cells and/or plants rela-
tive to WT by re-engineering the amount and/or composition
of lignins of the cells and/or plants. In preferred embodi-
ments, the amount and/or composition of flavor/fragrance
properties is increased, and/or altered, or decreased with
reduction in the amount of lignins in the cells and/or plants.

Yet additional aspects provide novel methods of using the
genetically engineered cells and/or plants comprising the
inventive chavicol/eugenol synthase proteins and/or the
inventive encoding nucleic acids for production of chavicol/
eugenol for use in making antibacterials/plant defense/anal-
gesics, polymer building blocks and in biofuel/bioenergy pro-
duction.

Accordingly, novel compositions, methods and sources of
chavicol and/or eugenol are provided, and the compositions
and compounds so produced have novel properties. Particular
aspects provide novel and facile methods for redirecting car-
bon flow in plants from, e.g., lignin synthesis, to the synthesis
of liquid, highly combustible, monomers for potential appli-
cation as either flavoring agents, biofuels/bioenergy and/or
building blocks for polymer applications (e.g., based on sty-
rene chemistry).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows, according to exemplary aspects of the
present invention, the current view of the phenylpropanoid
pathway (the biosynthetic pathway of monolignols). 4CL,
hydroxycinnamoyl CoA ligases; C3H, p-coumarate 3-hy-
droxylase; C4H, cinnamate 4-hydroxylase; CAD, cinnamyl
alcohol dehydrogenases; CCOMT, hydroxycinnamoyl CoA
O-methyltransferases; CCR, cinnamoyl-CoA oxidoreduc-
tases; COMT, caffeic acid O-methyltransferase; FSH, feru-
late 5-hydroxylase; HCT/HQT, hydroxycinnamoyl shiki-
mate/quinate transferase; PAL, phenylalanine ammonia
lyase; TAL, tyrosine ammonia lyase. The phenylpropanoid
pathway entry point is generally considered to be the amino
acid phenylalanine (1, Phe), through action of phenylalanine
ammonia lyase (PAL, EC 4.3.1.5) forming trans-cinnamic
acid (3), but PAL does not appear to serve as a major carbon
allocation regulator.

FIG. 2 shows, according to exemplary aspects of the
present invention, known phenylpropanoid pathway mono-
meric metabolites (selected allylphenols and propenylphe-
nols), namely the liquid allyl/propenyl phenols, chavicol
(31), eugenol (33), and their analogues (32, 34-39).

FIG. 3 shows, according to exemplary aspects of the
present invention, the lignan nor-dihydroguaiaretic acid (40,
NDGA) and its synthetic derivative (41) as well as podophyl-
lotoxin (47) and its precursors (43, 44).

FIGS. 4A, B and C show, according to exemplary aspects
of the present invention, hypothetical biosynthetic pathways
from p-coumaryl alcohol (19) to chavicol (31) and methyl-
chavicol (32), of which pathway B was demonstrated to
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occur. Shown are three potential mechanisms for the conver-
sion of 19 into 32 included either reduction of the monolignol
side-chain (i.e., saturation) followed by dehydration (FIG.
4A), methylation of the phenolic moiety preceding further
side-chain modification (FIG. 4C), and/or activation of the
terminal (C-9) oxygenated functionality prior to side-chain
double bond reduction (FIG. 4B).

FIG. 5 shows, according to exemplary aspects of the
present invention, the biosynthetic pathway to chavicol (31)
and eugenol (33) from the corresponding monolignols,
p-coumaryl (19) and coniferyl (21) alcohols. CS—chavicol
synthase; ES—eugenol synthase. The figure shows a novel
metabolic process converting monolignols (such asp-cou-
maryl (19) and coniferyl (21) alcohols) into allyl/propenyl
phenols (chavicol (31) and eugenol (33), respectively), with
two enzymes being implicated in their formation in planta.

FIGS. 6A and B show, according to exemplary aspects of
the present invention, potential mechanisms whereby the
departing carboxylate (as CO0,) facilitates formation of the
final C8-C7' bond, without any additional cofactors, can be
envisaged (FIG. 6A). It is also possible to propose potential
mechanisms where p-coumaryl coumarate (50) (or other
p-coumaryl alcohol esters, e.g., p-coumaryl acetate (48)) gen-
erates, through the addition of an incoming hydride, chavicol
(31) and/or its regioisomer p-anol (37) (FIG. 6B). The figure
shows possible mechanisms for conversion of p-coumaryl
alcohol esters (48, 50) into (A) hinokiresinol (52/53), (B)
chavicol (31) and p-anol (37). A. (a) Concerted, or (b) through
intermediacy of a quinone methide; B. (¢) and (d) formation
of a quinone methide intermediate through displacement of
the (interchangeable) ester leaving group, with subsequent
reduction by hydride [from NAD(P)H] and re-aromatization
to form either (c) chavicol (31) and/or (d) p-anol (37). The
reactions in (B) may also proceed through direct displace-
ment, without intermediacy of the quinone methide, by an
incoming hydride at carbons 7 or 9 to form chavicol (31) or
p-anol (37), respectively (not shown) (Modified from Vass&o
etal)

FIG. 7 shows, according to exemplary aspects of the
present invention, amino acid alignment of basil (Ocimum
basilicum) chavicol/eugenol synthase (ObEGS1), Petunia
hybrida isoeugenol synthase (PhIGS1), and PIP reductases
from Medicago sativa (MsIFR), Thuja plicata (TpPLR),
Pinus taeda (PtPCBER), Forsythia intermedia (FIPLR) and
Larrea tridentata (LtCES1). The Figure shows a novel
pinoresinol-lariciresinol reductase homologue from the creo-
sote bush (Larrea tridentata) catalyzing the efficient in vitro
conversion of p-coumaryl/coniferyl alcohol esters (48-51)
into chavicol/eugenol (31/33), but not p-anol/isoeugenol (37/
39). Various novel PLR/CS/ES homologue from L. tridentata
(e.g., LICES1) (SEQ ID NOS:1 and 2) were isolated and
based on sequence homology, and characterized as described
herein.

FIGS. 8A and B show, according to exemplary aspects of
the present invention, reactions catalyzed by A. PLR and B.
PCBER, and shows that the biochemical mechanisms of
PLR, PCBER and CS/ES share common properties, includ-
ing (a) a presumed necessity for a free phenolic functionality
in the substrate, indicative of a common quinone methide
intermediate.

FIG. 9 shows a schematic representation of the crystal
structure of TpPLR1 from 7. Plicata with NADPH and (-)-
pinoresinol (54) (Reprinted from Min, et al., J. Biol. Chem.,
278:50714-50723, 2003).

FIG. 10 shows, according to exemplary aspects of the
present invention, a phylogenetic analysis of several PIP-
reductase homologues from different plant species, with rel-
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evant homologues-in basil (ObEGS1), petunia (Ph1GS1) and
creosote bush (LtPLRh1; as referred to herein as LtCES1)
highlighted. IFR—isoflavone reductase; LACR—Ileucoan-
thocyanidin reductase; NmrA—nitrogen metabolite repres-
sion regulator; PCBER—phenylcoumaran benzylic ether
reductase; PLR—pinoresinol lariciresinol reductase; PTR—
pterocarpan reductase. Sequences were obtained from the
NCBI database and filtered for <0.75 sequence difference,
ClustalW-aligned and subjected to neighbor-joining phylo-
genetic analysis using PHYLIP.

FIGS. 11A and B show, according to exemplary aspects of
the present invention, polymerization of A. isoeugenol (39)
via furanocoumaran intermediacy, and B. methylchavicol
(32) and eugenol (33) through rearrangement prior to poly-
merization, and shows that for isoeugenol, the phenolic oxy-
gen moiety also participates in the polymerization reactions,
thereby increasing the structural complexity of the resulting
polymer(s) so formed (FIG. 11A). Additionally, allylphenols
such as methylchavicol (32) and eugenol (33) can form mixed
polymers, resulting from the partial rearrangement of the
side-chain double bond upon carbocation formation prior to
attachment to the polymer chain (FIG. 115).

FIG. 12 shows cyclohexane derivatives (58-61) formed
upon catalytic hydrogenation of the corresponding allyl/pro-
penyl phenols.

FIG. 13 shows a previously proposed biosynthetic pathway
leading to formation of NDGA (40) in Larrea tridentata,
simplified from Cho et al. Proc. Natl. Acad. Sci., USA 100:
10641-10646. Sequences of proposed reactions are indicated
by dotted arrows, and the putative precursor p-anol (37) is
indicated by brackets.

FIG. 14 shows naturally occurring 9,9'-deoxygenated lig-
nans licarin A (64), (-)-grandisin (65), gomisin A (66), the
semisynthetic tetra-O-methylated NDGA derivative M4N
(41), allyl/propenyl phenols p-anol (37), isoeugenol (39),
5-methoxyisoeugenol (68), anethole (38), chavicol (31),
eugenol (33), S5-methoxyeugenol (67) and methylchavicol
(32), as well as the phenylpropanoid metabolites p-coumaryl
alcohol (19), coniferyl alcohol (21) and p-coumaric acid (4).

FIG. 15 shows proposed mechanisms for enzymatic cataly-
ses performed by (A) allyl/propenyl phenol synthases such as
(a) LtCES1, ObEGSI and (b) PhIGS1; (B) PLR and (C)
PCBER. (D) Medioresinol (69) and syringaresinol (70), addi-
tional PLR substrates, as well as sesamin (71), which does not
undergo PLR-catalyzed reduction (Kim et al. Manuscript in
preparation); nectandrin B (72), genistein (73) and biochanin
A (74), which do not serve as substrates for LtPLRh1 (Lt-
CES1)-catalyzed reduction.

FIG. 16 shows purification of LtPL.Rh1 (LtCES1) from a
heterologous E. coli bacterial system. Lane 1 shows molecu-
lar weight markers, lane 2 shows the crude enzyme extract,
lanes 3 and 4 show the GST-affinity purification flow-through
and fusion protein eluate, respectively, lane 5 shows the
resulting mixture after thrombin incubation, and lane 6 shows
the final LtPLRh1 (ILtCES1) (34 kDa) purified to apparent
homogeneity.

FIGS. 17A and B show, according to exemplary aspects of
the present invention, (A) p-C3H biochemical reaction. (B)
Lignin monomers and aromatic nuclei (H, G, S) depictions.

FIGS. 18A-L show, according to exemplary aspects of the
present invention, Histochemical staining for lignin in inter-
nodes (IN) 2,3, and 8 of WT C-1 (Control) and pC3H-I alfalfa
lines. Phloroglucinol-HCl staining (pink to red coloration)
demonstrates very similar patterns of lignification between
WT C-1 (A-C) and pC3H-I (D-F), beginning with the primary
xylem (px)in IN2 (A, D), then proceeding into the developing
primary ray (pr) of IN3 (B, E), and extending throughout the
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maturing secondary xylem region (sxr) of IN8 (C, F). Phlo-
roglucinol-HC1 does not distinguish between H-, G-, or
S-type lignins and is a qualitative test. The Méule reagent
(G-L) reacts to S-type lignin as red coloration and to H- and
G-type lignins by a golden brown coloration; it is also a
qualitative test. S lignin is specific to fiber cells, detectable
first in pr of both lines (H, K), and extending throughout the
sxr in IN8 only in WT C-1 (I). Very little S-type lignin is
detected in the sxr of pC3H-1(L). Scales=150 um (A-C, E-L);
100 um (D). Samples were imaged using differential contrast
light microscopy. Abbreviations: ca, cambium; pi, pith; pf,
phloem fibers; pr, primary ray; px, primary xylem; sxr, sec-
ondary xylem region.

FIG. 19 shows, according to exemplary aspects of the
present invention, an example of Dynamic Mechanical
Analyses (DMA) strain scans using internode section 8 of
pC3H-1. Data show 3 replicate specimens from the pC3H-I
line, internode 8, tested in tension at 0.5 Hz, 30° C.

FIG. 20 shows, according to exemplary aspects of the
present invention, mean dynamic moduli for internodes 2, 5
and 8 from WT C-1 and transgenic pC3H-I stems. Data are
obtained from measurements in tension at 0.5 Hz, 30° C. and
0.02% dynamic strain level, respectively.

FIGS. 21A-H show, according to exemplary aspects of the
present invention, Development of gelatinous fibers (gf) and
reaction phloem fibers (rpf) using zinc chloro-iodide his-
tochemistry. There are no apparent gf cells in internode (IN)
5 of WT C-1 in either reaction (A) or normal (B) tissues and
so tissue type was defined by thickened and darkly stained
reaction phloem fibers (rpf) in A relative to pfin normal tissue
(B). Early gf of primary (pr) and secondary ray (sr) tissues, as
well as adjacent yellow-colored thick-walled fibers (tf) of sr
tissue appear at INS in the pC3H-I line (E). Additionally,
normal tissue of INS has abundant tf cells in the sr region (F).
By IN7, gf appear in WT C-1 in both the pr and sr regions of
reaction tissue (C), but are not evident in the normal WT C-1
tissue (D). By IN7, pC3H-I forms gf not only in the pr and sr
ofreaction tissue, but also tfin the sr. Moreover, this sr may be
transitional tissue given the presence of both tf cells and
differentially colored gf cells. Normal tissue of pC3H-I forms
tf cells as well (H), but not in WT C-1 at this stage of growth
(C, D). Images were taken using differential interference
contrast light microscopy. Scales=75 um. Abbreviations: f,
fibers of normal primary tissues; gf, gelatinous fibers; pf;
phloem fibers of normal tissue; pi, pith; pr, primary ray tissue;
PX, primary xylem; rpf, reaction phloem fibers; sr, secondary
ray tissue; tf, thick-walled fibers; v, vessel.

FIGS. 22A-R show, according to exemplary aspects of the
present invention, Comparative histochemistry of reaction
and normal tissues in alfalfa with black cottonwood for a
positive control. Zinc chloro-iodide was used to detect gelati-
nous layers (G-layer) as a dark red-brown layer closest to the
lumen of gelatinous fiber (gf) cells in WT C-1 (A) and pC3H-I
(D) alfalfa lines, as well as black cottonwood (G). The sur-
rounding cell wall layers stained orange to yellow with this
reagent. An apparent inner layer (G,,,) appeared orange
within the G-layer of a few cells, e.g. in WT C-1 alfalfa (A)
and black cottonwood (G). Double staining with safranin
Ofastra blue was used to confirm the presence of the G layer
by a blue coloration relative to the surrounding cell wall
layers (a pink to red coloration) (B, E, H). Upon staining with
phloroglucinol-HCL, little to no lignin was detected in the
G-layers; pink coloration suggested lignin in the adjoining
cell wall layers (C, F, I). Thick walled fibers (tf), occurring in
alfalfa normal tissue (and transitional tissues, data not
shown), were tested with the same three reagents (J-O) and
found to stain very closely to normal fibers (f) of cottonwood
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(P-R) with no indication of G-layers. Scales=10 um. Abbre-
viations: f, normal fiber; G, G-layer; Gim, G-layer with inner
membrane; gf, gelatinous fiber; tf; thick-walled fiber; r, ray
cell; v, vessel.

FIGS. 23 A-H shows, according to exemplary aspects of the
present invention, transmission electron micrographs of the
reaction tissues of alfalfa pC3H-1 (A,B,C) and WT C-1 (D,E),
as well as the control reaction wood species: black cotton-
wood (F,G,H). The gelatinous fibers (gf) are characterized by
a gelatinous layer (G-layer), a reduced middle secondary wall
(S,) (as compared to normal fibers) and the absence of a third
(inner) secondary wall in all three plant types (A, D, F). The
G-layers show lighter staining relative to the lignified S,, a
characteristic uneven inner lamellae (arrowheads, A, D, F)
and a slight pulling away from the S, (double arrowheads, A).
Normal wood fibers (f) lack the G-layer and show all three
secondary cell wall types (S,, S,, S;) (B, E, G) in all three
plant samples. Vessel (v) cell wall structure is also very simi-
lar between the three plant samples (C, E, H). Scales=1 pm.
Abbreviations: {, fiber; gf, gelatinous fiber; tf, thick-walled
fiber; S,, secondary subwall layer; v, vessel.

FIG. 24 shows, according to exemplary aspects of the
present invention, WT C-1 and pC3H-I alfalfa line pheno-
types at 4 weeks of growth following cut-back. WT C-1 has
formed numerous flower buds while the pC3H-I line has few
1o none.

FIG. 25 shows, according to exemplary aspects of the
present invention, phenylpropanoid pathway intermediates.
p-hydroxycinnamyl alcohols 19-23 (monolignols), p-hy-
droxycinnamaldehydes 14, 16, p-hydroxycinnamic acids 4-8,
the putative 2-methoxybenzaldehyde “lignin” substructure
(76), and the acetosyringone 77 and feruloyl tyramine (78)
“lignin” substructures, as well as aromatic ring (H, G, S)
units.

FIGS. 26a-e show, according to exemplary aspects of the
present invention, Arabidopsis thaliana wild type (ecotype
Wassilewskija) and CAD double mutant visible phenotypes,
growth/development parameters, and tensile modulus data. a)
Phenotypical differences between WT and double mutant
plants at 4 wks growth/development, b) stem lengths, ¢) basal
stem diameters at different growth/developmental stages, and
d) DMA strain scans of 6 and 7 week old plants; analyses
were performed in triplicate at room temperature and at a
frequency of 0.5 Hz, and e) comparison of tensile storage and
loss moduli of 6 and 7 week old plants. E'=storage and
E"=loss moduli.

FIGS. 27a-r show, according to exemplary aspects of the
present invention, histochemical detection of apparent lignin
and phenolic deposition in WT and CAD double mutant lines
at three different growth/developmental stages (4, 6 and 8
weeks). (a to f) Unstained cross-sections from WT (a, cand e)
and from CAD double mutant (b, d and f) lines; (g to /)
phloroglucinol-HCl staining method indicating lignified cell
walls by red coloration in the cross-section for WT (g, i and k)
and phenolics for the CAD double mutant (%, j and /) lines; (m
to r) Méule reagent staining indicating, by red coloration, the
presence of syringyl (S) moieties in lignified cell walls for
WT (m, o and ¢) and CAD double mutant (z, p and r) lines.
Abbreviations: if, interfascicular fibers; pf, phloem fibers; px,
primary xylem; x, xylem. Scale bar: 200 um.

FIGS. 28 A-D show, according to exemplary aspects of the
present invention, effects of 0.5% HCI/MeOH treatment.
Unstained cross-sections of 4 week old stems from CAD
double mutant (a and b) and WT (¢ and d) lines; (a and ¢) are
fresh stem cross-sections, whereas (b and d) are cross-sec-
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tions following acidic MeOH (0.5% HCI) treatment. Abbre-
viations: if, interfascicular fibers; x, xylem. Scale bar: 200
pm.
FIGS. 29 A and B show, according to exemplary aspects of
the present invention, UV spectra (a) and molecular weight
distributions (b) of either lignin-enriched isolates from WT or
poly-p-hydroxycinnamaldehyde enriched preparations from
the CAD double mutant. Legend: dotted (----) and solid (—)
black lines, WT lignin preparation with and without prior
cellulase treatment; dotted (----) and solid (—) gray lines,
CAD double mutant poly-p-hydroxycinnamaldehyde prepa-
rations with and without prior cellulase treatment; black
circles represent sodium polystyrene sulfonate standards (~1,
430; 5,180; 29,000; 79,000) and coniferyl alcohol (3, M, 180)
used for calibration. X=solvent (dioxane) UV cut-off.

FIGS. 30A-E show, according to exemplary aspects of the
present invention, NMR spectra of lignin-enriched isolates
from WT and poly-p-hydroxycinnamaldehyde enriched iso-
lates from CAD double mutant lines. a) 1D *C-NMR spec-
trum of lignin-enriched isolates from WT, b) 1D **C-NMR
spectrum of poly-p-hydroxycinnamaldehyde enriched iso-
lates from double mutant, ¢) 2D HMQC spectrum of oxygen-
ated aliphatic region of lignin-enriched isolates from WT, d)
2D HMQC spectrum of oxygenated aliphatic region of poly-
p-hydroxycinnamaldehyde enriched-isolates from double
mutant, e) lignin substructures currently assignable by NMR
spectroscopic analyses. For NMR spectroscopic peak assign-
ments, the numbers [-VIII correspond to substructures I-VIII,
whereas subscripts 1-9 correspond to carbons in specific sub-
structures; a, b, ¢ are used to designate the nature of the
aromatic rings as p-hydroxyphenyl (H), guaiacyl (G) and
syringyl (S) units.

FIGS. 31A-D show, according to exemplary aspects of the
present invention, NMR spectra of the aldehydic region of the
poly-p-hydroxycinnamaldehyde enriched isolates from the
CAD double mutant: a) 1D C-NMR spectrum, b) 2D
HMQC spectrum, ¢) 2D HMBC spectrum, d) substructures
currently assignable by NMR spectroscopic analyses. For
NMR peak assignments, the numbers VI-XV correspond to
substructures VI-XV, whereas subscripts a, b, ¢ are used to
designate the nature of the aromatic rings as p-hydroxyphenyl
(H), guaiacyl (G) and syringyl (S) units.

FIG. 32 shows, according to exemplary aspects of the
present invention, lignan 79 isolated from Salvia miltiorrhiza
and synthetic lignan 80.

FIG. 33 shows, according to exemplary aspects of the
present invention, nitrobenzene and thioacidolysis mono-
meric products from “lignin” model compounds and various
“aldehydic” model compounds. a) Proposed mechanism for
NBO lignin cleavage (Schultz & Templeton, 1986; Schultz et
al., 1987). b) Products formed by alkaline nitrobenzene oxi-
dation of 8-O-4' linked model compounds 81-83. c-e) Thio-
acidolysis products from 8-O-4' model compounds 81-831
(¢), monomeric aldehydes 16 and 18 (d) and 8-O-4' linked
p-hydroxycinnamaldehyde model compounds 95 and 96 (e).

FIG. 34 shows, according to exemplary aspects of the
present invention, correlation of estimated lignin/poly-p-hy-
droxycinnamaldehyde contents as a function of growth/de-
velopmental stage and/or monomer release. a) Estimated
AcBr lignin and poly-p-hydroxycinnamaldehyde (poly-p-
HCA) contents. Releasable monomeric derivatives by b)
alkaline NBO and ¢, d) thioacidolysis. Correlation of changes
in lignin/poly-p-hydroxycinnamaldehyde contents to releas-
able monomeric derivatives by e) alkaline NBO and f, g)
thioacidolysis. For g) black squares and gray circles represent
data obtained in this study, whereas black and gray triangles
represent W1 and various genes previously annotated as puta-
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tive cad (Atlg72680, At2g21730, At4g37970, At4g37980,
At4g37990 and At4g39330) knockout mutants; none of these
knockouts displayed any ostensible effects on overall lignifi-
cation (data replotted from Eudes et al., 2006).

DETAILED DESCRIPTION OF EXEMPLARY
ASPECTS

Particular aspects of the present invention relate to new
developments in the enzymology and molecular biology of
plant phenylpropanoids, and therefore offer numerous oppor-
tunities to re-engineer the composition and/or properties of
plant biomass. According to particular aspects, two main
targets of such modifications are: the optimized production of
valuable compounds; and reductions in the levels of less
desirable products (e.g., the structural biopolymeric lignins).
In particular aspects, for example, the amounts of lignin
biopolymers in (woody) species are reduced, with carbon
flow concurrently redirected towards production of related
non-polymeric phenylpropanoids, such as the more valuable
allyl/propeny! phenols (e.g., eugenol, chavicol).

As described above, lignins are monolignol-derived poly-
meric end-products of the phenylpropanoid pathway (origi-
nating from the amino acids phenylalanine (1) and tyrosine
(2)), and represent a formidable technical challenge, particu-
larly due to their intractable nature, for improved plant bio-
mass utilization, e.g., when considering the use of woody
biomass for bioethanol production, as well as for wood, pulp
and paper manufacture. Other species-specific outcomes of
the phenylpropanoid pathway, however, include metabolites
such as lignans, flavonoids and allyl/propenyl phenols.

According to preferred aspects of the present invention,
applicants’ discovery ofthe biochemical pathway resulting in
the production of the more valuable liquid allyl/propenyl
phenols (e.g., eugenol (33), chavicol (31), methylchavicol
(32), and anethole (38)), which are, for example, important
components of plant spice aromas and flavors, provide a
substantially useful approach and method to re-engineer cell
and plant metabolism in new directions. According to par-
ticular aspects, these compounds are synthesized from mono-
lignols in two consecutive enzymatic reactions, (i) acylation
of the terminal (C-9) oxygen of the monolignol forming an
ester, and (ii) regiospecific, NAD(P)H-dependent reduction
of the phenylpropanoid side chain with displacement of the
carboxylate ester as leaving group. According to additional
aspects, the proteins involved in the latter step are homolo-
gous to well-characterized phenylpropanoid reductases (pi-
noresinol-lariciresinol, isoflavone, phenylcoumaran-ben-
zylic ether and leucoanthocyanidin reductases), with similar
catalytic mechanisms being operative. In preferred aspects,
the proteins (and corresponding genes) involved in these
transformations have been isolated and characterized, and
provide methods of re-engineering plants to redirect (e.g.,
partially redirect) carbon flow from lignin (or lignans) into
these liquid volatile compounds in oilseeds, leafy or heart-
wood-forming tissues, or woody stems.

In further aspects, the proteins (and/or corresponding
genes) involved in these transformations provide methods of
re-engineering plants to facilitate wood processing in pulp/
paper industries and offer sources of renewable plant-derived
biofuels, intermediate chemicals in polymer industries, or
specialty chemicals in perfume and flavor industries.
Summary of Working Examples

Example 1 herein discloses novel chavicol/eugenol syn-
thases that were isolated from Larrea tridentata. The creosote
bush (Larrea tridentata) accumulates a complex mixture of
8-8' regiospecifically linked lignans, of which the potent anti-
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oxidant nordihydroguaiaretic acid (NDGA, 40) is the most
abundant. Its tetra-O-methyl derivative (M4N, 41) is showing
considerable promise in the treatment of the refractory (hard-
to-treat) cancers of the head and neck. NDGA (40) and related
9,9'-deoxygenated lignans are thought to be formed by dimer-
ization of allyl/propenyl phenols, phenylpropanoid com-
pounds that lack C-9 oxygenation, thus differentiating them
from the more common monolignol-derived lignans. In appli-
cants’ ongoing studies dedicated towards elucidating the bio-
chemical pathway to NDGA (40) and its congeners, six
pinoresinol-lariciresinol reductase homologues (“PLRh™)
(nucleic acid SEQID NOS:1,3,5,17,19and 21 and polypep-
tide SEQ ID NOS:2, 4, 6, 18, 20 and 22, respectively) were
isolated from L. tridentata, with protein obtained in recom-
binant form. According to aspects of the present invention all
three of these enzymes catalyze the conversion of p-coumaryl
(48/50) and coniferyl alcohol (49) esters into the correspond-
ing allylphenols, chavicol (31) and eugenol (33). Of these
three PLRh_Lt proteins, one of these homolouges (PL-
Rh_Lt1) (nucleic acid SEQ ID NO:1; polypeptide SEQ ID
NO:2) was analyzed in greatest detail, and this protein effi-
ciently catalyzes the conversion of p-coumaryl (48/50) and
coniferyl (49) alcohol esters into the corresponding allylphe-
nols, chavicol (31) and eugenol (b), and neither of their pro-
penylphenol regioisomers, p-anol (37) and isoeugenol (39),
are formed during this enzyme reaction.

Example 2 herein discloses data relating to reaction tissue
formation in alfalfa, Medicago sativa L. (Fabaceae), wild
type and p-coumarate-3-hydroxylase down-regulated lines
and their stem tensile modulus properties. The discovery of
reaction tissue in the forage crop alfalfa (Medicago sativa L..)
is described, which to applicants’ knowledge, has not hitherto
been established as occurring in herbaceous perennials. It was
first observed during an investigation of a transgenic alfalfa
line reduced in overall lignin content, but was also formed in
the wild type line as well. The transgenic alfalfa line, obtained
through standard down-regulation of the gene encoding
p-coumarate-3-hydroxylase (pC3H), was reduced in lignin
content by circa 64%, as expected from our previous meta-
bolic flux analyses (Anterola et al., 2002). Comparison of the
pC3H down-regulated (pC3H-I) and WT lines established
several differences, however, when employing microscopy
analyses and biomechanical testing of various (internodal)
alfalfa branch sections. Relative to WT, the pC3H-I line: (a)
apparently more rapidly formed reaction tissue containing
gelatinous fibers with adjacent thick-walled fibers (presumed
to be ‘intermediate’ tissue) during development and in greater
amount; (b) had an increased volume of xylem tissue, and (c)
had comparable tensile dynamic modulus properties. These
findings thus establish the (limited) ability of this perennial
angiosperm to form (inducible) reaction tissue, in a manner
somewhat analogous to that of woody arborescent
angiosperms. Finally, with the recent rapidly growing interest
in lignocellulosic materials for biofuels (e.g., bioethanol), the
potential of effectuating reductions in lignin amounts in
(woody) angiosperms with increased formation of reaction
(tension wood) tissue is discussed. This is because the latter
tissues are often viewed as a deleterious trait for many agro-
nomic/forestry applications, e.g. due to the difficulties expe-
rienced in their subsequent processing for many industrial/
commercial applications.

Thus, in Example 2, applicants disclose that formation of
reaction (tension) tissue occurs in wild type (WT) alfalfa
(designated WT C-1) and whose amounts have also appar-
ently increased in the pC3H down-regulated line (e.g. pC3H-
1), as did the overall xylem volume. Yet, in spite of the greatly
reduced lignin content (~64%), there were apparently no
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significant differences between both lines in terms of material
strength properties (i.e. as shown by tensile dynamic modulus
testing) of young developing alfalfa branches. It is thus pro-
posed that formation of reaction tissue may be increased in
alfalfa and other angiosperms when the overall vasculature is
weakened through reducing lignin content(s). This can then
serve as a compensatory mechanism in order to attempt to
maintain needed biophysical/biomechanical properties of the
overall vasculature, which would otherwise be weakened.

Example 3 herein discloses particular exemplary applica-
tions of Applicants inventive compositions and methods to
provide chavicol/eugenol for biofuels/intermediate chemi-
cals). The Example relates to advances made by Applicants
and which result in formation of two well-known molecules:
chavicol (31) and eugenol (33). Both substances have histori-
cally been used as flavor/fragrance components from Tanza-
nia, Madagascar and Indonesia; however, the biochemical/
biotechnological manipulations disclosed herein provide for
the diversion of monolignols from lignin/lignan formation in
plant species to instead diverting these compounds foruse, for
example, in biodiesel or polymer production (plastic replace-
ment), i.e., in addition to their current roles in human nutrition
and medicine. The present inventive methods could be
applied, for example, either in oilseed-bearing plants (e.g.,
canola) or in heartwood-forming tissues of trees (e.g., west-
ern red cedar) used for lumber and pulp/paper products. Inthe
latter, heartwood formation is generally accompanied by a
massive deposition of non-structural low molecular weight
molecules, such as the lignan, plicatic acid, which, in western
red cedar can be ~20% of the overall dry weight of the stem.
These processes (oilseed and heartwood formation/deposi-
tion of metabolites), as well as judicial modification of lignin
content and composition, thus offer the potential to rationally
optimize plant feedstocks for biofuel/bioenergy either
directly in specific crops or indirectly as part of wood pro-
cessing for pulp/paper, specialty chemicals, etc.

i OH
H;CO OH
OH
Plicatic acid
OH OH
/ /
OCH;
OH OH

p-Coumaryl alcohol Coniferyl alcohol
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OH
P
H;CO OCH;
OH

Sinapy! alcohol

Presently, a new pathway utilizing monolignols has been
discovered, which applicants consider has extraordinarily
promising potential for either biofuels, intermediate chemi-
cals or as an improved and stable source of the spice (chavicol
(31) and eugenol (33)) components. For example, eugenol
(33) is widely used in medical and dental applications due to
its biocidal and analgesic properties. In the pathway to these
two allylphenols, the monolignol precursors are first bio-
chemically activated (via ester formation) and then subse-
quently converted into the highly combustible liquid fuels,
the aromatic hydrocarbons, chavicol and eugenol (FIG. 5).
Importantly, the protein involved, chavicol/eugenol synthase
(CS/ES), is a homologue of Applicants’ PLR/PCBER pro-
teins, whose encoding cDNA hybridizes under the same con-
ditions as for PLR. According to particular aspects of the
present invention, this discovery provides novel methods for
diverting monolignol flow away from lignin biopolymer for-
mation, or from heartwood lignan accumulation/deposition,
to that engendering formation of the potential product liquid
fuels/intermediate chemicals of interest. In additional
aspects, this strategy enhances oilseed production as well,
both in relative amounts of bioproduct/biofuels and their
calorific value. In further aspects, these products (chavicol/
eugenol) would be removed, leaving the remaining (lignin-
reduced) biomass able to be more efficiently fermented for
ethanol production.

Preferably, two genes encoding respective proteins are
used to provide proteins that can: (i) acylate monolignol
precursors to afford the corresponding acylated derivatives
(e.g., the acylating transferase family from Taxus brevifolia;
Chau, et al., Arch Biochem Biophys 430:237-246,2004.), and
(i) convert the latter into liquid biofuel/intermediate chemi-
cals (e.g., using the presently disclosed CS/ES). Alterna-
tively, the monolignols can be chemically acylated, followed
by conversion by CS/ES.

Example 4 herein discloses that plant cell walls are
enfeebled when attempting to preserve native lignin configu-
ration with poly-p-hydroxycinnamaldehydes: evolutionary
implications. This Example relates to the effects of disruption
of lignin macromolecular configuration and stem vascular
integrity through CAD mutations. With such mutations, tem-
plate polymerization was attempted but aborted at an early
stage of cell-wall phenolic deposition when p-hydroxycinna-
maldehydes were employed as substrates. More specifically,
the lignin deficient double mutant of cinnamyl alcohol dehy-
drogenase (CAD, cad-4, cad-S or cad-c, cad-d) in Arabidop-
sis thaliana (Sibout et al., 2005), was comprehensively exam-
ined for effects on disruption of native lignin macromolecular
configuration; the two genes encode the catalytically most
active CAD’s for monolignol/lignin formation (Kim et al.,
2004 Proc. Natl. Acad. Sci., USA. 101:1455-1460). The inflo-
rescence stems of the double mutant presented a prostrate
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phenotype with dynamic modulus properties greatly reduced
relative to that of the wild type (WT) line due to severe
reductions in macromolecular lignin content. Interestingly,
initially the overall pattern of phenolic deposition in the
mutant was apparently very similar to W, indicative of com-
parable assembly processes attempting to be duplicated.
However, shortly into the stage involving (monomer cleav-
able) 8-0O-4' linkage formation, deposition was aborted. At
this final stage, the double mutant had retained a very limited
ability to biosynthesize monolignols as evidenced by cleav-
age and release of ca 4% of the monolignol-derived moieties
relative to the lignin of the WT line. In addition, while small
amounts of cleavable p-hydroxycinnamaldehyde-derived
moieties were released, the overall frequency of (monomer
cleavable) 8-O-4' inter-unit linkages closely approximated
that of WT for the equivalent level of lignin deposition, in
spite of the differences in monomer composition. Addition-
ally, 8-5' linked inter-unit structures were clearly evident,
albeit as fully aromatized phenylcoumaran-like substruc-
tures. The data are interpreted as a small amount of p-hy-
droxycinnamaldehydes being utilized in highly restricted
attempts to preserve native lignin configuration, i.e. through
very limited monomer degeneracy during template polymer-
ization which would otherwise afford lignins proper in the
cell wall from their precursor monolignols. The defects intro-
duced (e.g. in the vascular integrity) provide important
insight as to why p-hydroxycinnamaldehydes never evolved
as lignin precursors in the 350,000 or so extant vascular plant
species. Prior to investigating lignin primary structure proper,
it is instructive to initially define the fundamental character-
istics of the biopolymer(s) being formed, such as inter-unit
frequency and lignin content, in order to design approaches to
determine overall sequences of linkages.

Lignin Formation and Manipulation:

Outcomes of the phenylpropanoid (C,C,) pathway include
not only the lignins in woody/non-woody vascular plants but
also, to varying extents, lignans, flavonoids, coumarins,
anthocyanins, as well as allyl and propenyl phenols in difter-
ent species.

Biosynthesis of monolignols. The phenylpropanoid path-
way (FIG. 1) entry point is generally considered to be the
amino acid phenylalanine (1, Phe), through action of pheny-
lalanine ammonia lyase (PAL, EC 4.3.1.5) forming trans-
cinnamic acid (3). Although initially regarded as a rate-deter-
mining reaction in the pathway, PAL does not seem to serve as
a major carbon allocation regulator, with flux apparently
being determined by the availability of Phe (1) and by down-
stream enzymes in the pathway, especially C4H/C3H.

According to particular aspects of the present invention,
there are compelling reasons to identify novel ways to more
effectively either utilize the lignin biopolymers or to manipu-
late the amounts or forms of carbon allocated to the lignin-
forming pathway, e.g. to produce more desirable bioproducts
in commercially cultivated plant species. Indeed, a number of
biotechnological manipulations of both lignin contents and
compositions in various plant species have already been car-
ried out (i.e., various transgenic/mutant lines have been suc-
cessfully obtained using standard transformation procedures
(see Anterola & Lewis, Trends in lignin modification: A com-
prehensive analysis of the effects of genetic manipulations/
mutations on lignification and vascular integrity, Phytochem-
istry, 61:221-294, 2002, for examples and references therein).
Generally, the effects of drastically reducing lignin contents
in both woody and non-woody vascular plants result in a
significant impairment/weakening of the vascular apparatus,
e.g., collapsed vessels, etc. Such defects potentially lead to
severe drawbacks in growing biotechnologically modified
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plant lines commercially, as this can lead to, for example,
premature lodging, weakening of plant stems, dwarfing, etc.,
during growth/development. These examples underscore the
importance of the extent to which lignin compositions/con-
tents are manipulated, and illustrate the importance of par-
ticular novel methods disclosed herein, for providing partial
reduction in lignin levels to avoid introducing structural
defects prohibiting field applications of the resulting plant
cultivars in, for example, bioethanol/biofuel/bioproduct gen-
eration. According to additional aspects, the inventive com-
positions and methods provide for partial reduction in lignin
levels to avoid a weakened vascular apparatus that may result
in plants more susceptible to opportunistic pathogens. There-
fore, according to preferred aspects, a judicious balance is
maintained in growing vascular plants for commercial pur-
poses and in reducing/modifying lignin contents/composi-
tions. According to particular aspects of the present invention
using the inventive compositions and methods described
herein, lignin contents are partially reduced to preclude or at
least lessen the extent of drawbacks associated with drasti-
cally reducing lignin contents.

According to additional aspects, there are novel and alter-
native biotechnological opportunities to produce renewable
energy biofuels and specialty bioproducts. That is, there are
other metabolic outcomes of the phenylpropanoid pathway
from its entry point phenylalanine (1) (depending upon the
species) that can include, for example, differential formation
of coumarins, lignans and flavonoids, as well as allyl/prope-
nyl phenols (see FIG. 1). In particular, allylphenols and pro-
penylphenols, which differ in the position of their side-chain
double bonds, include the high-value liquids eugenol (33),
methyl chavicol ((32), and anethole (38) (FIG. 2). These
natural products account for much of the aroma present in
specialty “essential oils” of various plant species, such as
cloves, tarragon and anise, respectively, and are thought to be
produced in planta mainly for defense against insects and
parasites, as well as for attraction of pollinators. In addition,
most of these compounds are liquid at room temperature, and
their relatively low degree of oxygenation grants them with
high heats of combustion. According to particular aspects,
these are more desirable characteristics when considering
their possible utilization as fuels. Notably, lignins and most
lignans, as well as the allyl/propenyl phenols, are all derived
from the same monolignol precursors; thus, as disclosed
herein, an approach whereby the latter are differentially uti-
lized could impact the production/accumulation of these
diverse classes of compounds.

Therefore, according to particular aspects of the present
invention, biotechnological manipulations of this pathway
are not only be directed towards simply reducing lignin lev-
els, but also to retarget carbon towards related metabolic
pathways, e.g., through redirection of metabolic (carbon) flux
to the production of related phenolic compounds in the main
repositories for plant organic carbon storage. The latter could
include either oilseed-bearing structures (e.g., flax (Linum
usitatissimum) seed, or heartwood-forming tissues of trees,
e.g., western red cedar (Thuja plicata)). 1t is these “reposito-
ries” that are largely used as plant renewable resources,
whether as sources of (vegetable) oils or for lumber/pulp/
paper products. In addition to the structural lignins, heart-
wood formation is often accompanied by massive deposition
of non-structural low molecular weight molecules, such as
the monolignol-derived lignan plicatic acid (30, see FIG. 1 for
structure) and its congeners in western red cedar, whose
amounts can be ~20% of'the overall dry weight. In particular
embodiments, rational optimization/modification of plant
biomass is accomplished directly for either biofuel/bioen-
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ergy/bioproduct generation in specific crops, or indirectly as
part of (heart)wood processing for pulp/paper, specialty
chemicals, etc.

For example, recent studies (VASSAO, etal., Org. Biomol.
Chem., 4:2733-2744, 2006; and KOEDUKA, et al., Proc.
Natl. Acad. Sci., USA, 103:10128-10133, 2006.) have
described the formation of some quite well-known phenyl-
propanoid pathway monomeric metabolites, namely the lig-
uid allyl/propenyl phenols, chavicol (31), eugenol (33), and
their analogues (32, 34-39) (FIG. 2). Historically, such allyl/
propenyl phenols have commonly been used throughout the
world mainly as flavor/fragrance components present in
spices, especially cloves, with those being largely imported
from Tanzania, Madagascar and Indonesia. Such material
sources are imported simply because it is in those countries
where the plant species accumulating these more unusual
metabolites are cultivated. According to particular aspects,
these biochemical/biotechnological processes provide a
method of diversion of monolignols from either lignin and/or
lignan formation in more commonly utilized woody/non-
woody plant species of, for example, North America, to afford
instead the liquid allyl/propenyl phenol monomers.
Biosynthesis of Allyl and Propenyl Phenols and Related Phe-
nylpropanpoid Moieties:

According to particular aspects, besides lignin, specialized
plant metabolism can utilize monolignols in the formation of
lignans (phenylpropanoid dimers) as well as allyl- and pro-
penyl-phenols. Allylphenols differ from propenylphenols in
their side-chain double bond position, with the former having
terminal (C-8-C-9) desaturation and the latter having the
chemically more stable internal (C-7-C-8) double bond. Sev-
eral biochemical hypotheses had been created in the art to
explain their distinctive lack of a C-9 oxygenated functional-
ity but experimental support for any was lacking.

The present applicants’ interest in the allyl/propenyl phe-
nols first began with studies directed to elucidating the bio-
chemical pathway(s) to the lignan nor-dihydroguaiaretic acid
(40, NDGA, FIG. 3) and its congeners, these being abundant
metabolites in the creosote bush (Larrea tridentata). These
lignans, however, lack oxygenated carbon 9,9' functionalities
that are present in most lignan classes (e.g., podophyllotoxin
(41), secoisolariciresinol (42)) (FIG. 3), as well as in the
polymeric lignins and monomeric phenylpropanoids (e.g.,
monolignols 19-23) in the vast majority of plant species.
Based on previous radiolabeling/stable isotope labeling stud-
ies, it was presumed that the unusual “loss” of the oxygenated
functionality occurred at the monomer stage, i.e., allyl and/or
propenyl phenols could be serving as the precursors/sub-
strates for dimerization to form these less common lignans. In
this regard, the biosynthetic pathways to the allyl/propenyl
phenols had not been elucidated in any organism and, in
particular, the precise precursor (substrate) undergoing
deoxygenation represented both a long-standing question and
abiochemical mystery (Anonica, et al., J. Chem. Soc., Chem.
Commun., 1108-1109, 1971, Klischies, et al., J. Chem. Soc.,
Chem. Commun., 479-880, 1975; Manitto, et al., J. Chem.
Soc., Perkin Trans. 1, 1974, 1727-1731; Manitto et al., Tetra-
hedron Lett., 15:1567-1568, 1974; and Senanayake, et al.,
Cinnamomum zeylanicum, Phytochemistry, 16:2032-2033,
1977).

Basil (Ocimum basilicum, Thai variety ) was selected by the
present Applicants as a suitable study system since it accu-
mulates the simplest allylphenol, methylchavicol (32); based
on various radiolabeling studies, it was shown that the latter
was derived from the corresponding monolignol, p-coumaryl
alcohol (19) (VASSAQ, et al., Org Biomol. Chem., 4:2733-
2744, 2006). Three potential mechanisms for the conversion
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of 19 into 32 included either reduction of the monolignol
side-chain (i.e., saturation) followed by dehydration (FIG.
4A), methylation of the phenolic moiety preceding further
side-chain modification (FIG. 4C), and/or activation of the
terminal (C-9) oxygenated functionality prior to side-chain
double bond reduction (FIG. 4B). Pathways A and C (FIG. 4)
were eliminated since no experimental evidence in support of
either route was obtained.

Interestingly, however, a double-bond reductase was dis-
covered and characterized, which utilized p-coumaryl alde-
hyde (14) as the preferred substrate to afford the correspond-
ing side-chain reduced aldehyde (45, FIG. 4) (Kasahara, et
al., U.S. Pat. No. 6,703,229. Filed Mar. 27, 2001. Issued Mar.
9, 2004; Kasahara, et al., Phytochemistry, 2006, 67, 1765-
1780; Youn, et al., J. Biol. Chem., 281:40076-40088, 2006).
This alkenal reductase activity was the first to be reported in
the phenylpropanoid pathway, with the corresponding
enzymes isolated from A. thaliana (AtDBR) and Pinus taeda
(PtPPDBR) also being homologous to a terpenoid double
bond reductase (pulegone reductase, PulR) from Mentha pip-
erita and mammalian alkenal reductases as well. AtDBR and
PtPPDBR catalyze the NADPH-dependent reduction of
p-coumaryl (14) and coniferyl (16) aldehydes to the corre-
sponding dihydroaldehydes, and AtDBR has also been shown
to catalyze the reduction of 4-hydroxynonenal (4-HNE), a
pro-apoptotic lipid peroxidation product, to 4-hydroxynona-
nal (Kasahara, et al., Phytochemistry, 2006, 67, 1765-1780;
Youn, et al., J. Biol. Chem., 281:40076-40088, 2006). Based
on substrate versatility studies and a X-ray crystal structure
for AtDBR, a concerted mechanism involving an enol inter-
mediate was proposed for these zinc-independent alkenal
reductases (Youn, et al., J. Biol. Chem., 281:40076-40088,
2006). While the corresponding dihydroalcohol product (46)
is a well known plant defense metabolite, it was not, however,
converted in basil into either chavicol (31) and/or p-anol (37)
((VASSAQ, etal., Org. Biomol. Chem., 4:2733-2744, 2006)).
Accordingly, it was not considered as being involved in allyl/
propenyl phenol biosynthesis.

Rather, according to aspects of the present invention, a
quite novel metabolic process converting monolignols (such
as p-coumaryl (19) and coniferyl (21) alcohols) into allyl/
propenyl phenols (chavicol (31) and eugenol (33), respec-
tively) was discovered (FIG. 5), with two enzymes being
implicated in their formation in planta. The first step is acti-
vation of the monolignol side-chain alcohol by conjugation to
an activated acid (acyl-CoA), resulting in formation of a
monolignol ester. This modification results, in energetic
terms, in formation of a more facile leaving group (carboxy-
late ester), which is more readily displaced by an incoming
reducing hydride, e.g., in the form of NAD(P)H. Indeed, such
coniferyl alcohol acyl transferases have been recently char-
acterized in basil (O. basilicum) (Harrison & Gang, The 19th
Rocky Mountain Regional Meeting, 2006) and petunia (Petu-
nia hybrida) (Dexter, et al., Plant J., 49:265-275, 2007),
utilizing acetyl-CoA and coniferyl alcohol (21) to afford
coniferyl acetate (49), and according to present aspects, it is
reasonable to expect that substrate-versatile acyltransferases
will be able to utilize different monolignols and acyl/aroyl-
CoA cofactors to generate different esters. One such ester,
p-coumaryl coumarate (50), had been previously shown to
serve as substrate for enzyme preparations from Asparagus
officinalis (Suzuki et al., J. Chem. Soc., Chem. Commun.,
1088-1089, 2002) and Cryptomeria japonica (Suzukietal., /.
Chem. Soc., Chem. Commun., 2838-2839, 2004), generating
the nor-lignans (Z)- and (E)-hinokiresinol (52/53), respec-
tively. Although the proteins responsible for the latter conver-
sions remain to be fully characterized and/or described,
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potential mechanisms whereby the departing carboxylate (as
CO,) facilitates formation of the final C8-C7' bond, without
any additional cofactors, can be envisaged (FIG. 6A). It is
also possible to propose potential mechanisms where p-cou-
maryl coumarate (50) (or other p-coumaryl alcohol esters,
e.g., p-coumaryl acetate (48)) generates, through the addition
of an incoming hydride, chavicol (31) and/or its regioisomer
p-anol (37) (FIG. 6B).

Indeed, according to aspects of the present invention, the
second step in monolignol reduction was shown to be the
action of regiospecific reductases that transfer a hydride from
NADH or NADPH into either the C-7 or C-9 of the corre-
sponding monolignol ester (or a quinone methide derivative
thereof), thus forming either an allyl or propenyl phenol,
respectively (FIGS. 5, 6B). These regiospecific reductases
(e.g. chavicol and eugenol synthase, CS/ES, and isoeugenol
synthase, IES) have been studied to a larger extent than the
monolignol-specific acyltransferases. Computational analy-
ses of CS/ES isolated from basil and IES from petunia indi-
cate greatest homology (~40-45% identity) (Koeduka, et al.,
Proc. Natl. Acad. Sci., US4, 103:10128-10133, 2006) to
members of the PIP family of reductases we have either
discovered and/or extensively characterized (pinoresinol-la-
riciresinol, isoflavone, and phenylcoumaran benzylic ether
reductases) (Fujita et al., J. Biol. Chem., 274:618-627, 1999;
Dinkova-Kostova et al, J. Biol. Chem., 271:29473-29482,
1996; Gang et al., J. Biol. Chem., 274:7516-7527, 1999), and
for which crystal structures have been determined (Min, et al.,
J. Biol. Chem., 278:50714-50723, 2003).

According to particular aspects of the present invention, six
such PLR/CS/ES homologues from L. tridentata (Lt1PLRh1
(LtCES1), LtPLRh2 (LtCES2), Lt PLRI3 (LtCES3),
LtCES4, LtCES5 and LtCES6) were isolated based on
sequence homology, and characterized (FI1G. 7) (nucleic acid
SEQ ID NOS:1, 3, 5, 19, 19 and 21 and protein SEQ ID
NOS:2, 4 and 6, 18, 20 and 22, respectively).

While PLR’s are involved in formation of other medici-
nally important plant metabolites (e.g. podophyllotoxin (42)
and secoisolariciresinol (43)) and various plant defense com-
pounds (e.g. plicatic acid (30) in western red cedar heart-
wood), the biochemical mechanisms of PLR, PCBER and
CS/ES share common properties, including (a) a presumed
necessity for a free phenolic functionality in the substrate,
indicative of a common quinone methide intermediate (FIGS.
5and8), and (b) a highly conserved Lys residue (K138 in PLR
from Thuja plicata, K133 in its homologue in L. tridentata,
K132 in CS/ES from basil) required for catalysis. FIG. 9
depicts the X-ray crystal structure of one member of this class
ofreductases, PLR from 7. plicata Min, et al., J. Biol. Chem.,
278:50714-50723, 2003). Based on the proposed catalytic
mechanisms of CS/ES and PLR, applicants appreciated that a
high level of similarity would be observed between these
proteins. All of the PIP reductases, as well as CS/ES, utilize
NAD(P)H as the source of a hydride which is regiospecifi-
cally (or stereospecifically) added to a carbon originated from
a phenylpropanoid side-chain (i.e., either a monolignol
derivative or dimer). In fact, a brief phylogenetic analysis
indicates that these homologues cluster together with PLR
(e.g., from 7. plicata), PCBER (e.g., from P, taeda), IFR (e.g.,
from Medicago) and leucoanthocyanidin reductases (LACR,
e.g. from Vitis vinifera) (with the L. tridentata homologue
clustering closer to more distant PCBER and IFR homo-
logues) (FIG. 10).

The biochemical characteristics of these enzymes have
been studied, with basil CS/ES and petunia IES reported to
have substrate affinities (K,,,, coniferyl acetate (49)] 0of'1.6-5.1
mMandV,,,_of 7-20 pkat ug~" protein. These are indicative
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of relatively low substrate affinity, although not far from the
range of other enzymes involved in volatile oil biosynthesis.
Additionally, the corresponding PL.R homologue in the creo-
sote bush (L. tridentata) catalyzes similar conversions, but
interestingly with even higher catalytic efficacy (K, values of
a few hundred uM and 'V, values of a few hundred pkat ug™"
protein for coniferyl acetate (49), p-coumaryl acetate (48) and
p-coumaryl coumarate (50), see Table 1). According to addi-
tional aspects, with respect to the properties of other PIP
reductases regarding their abilities to form allyl and propenyl
phenols, it is reasonable to expect substrate versatility in
PLR’s acting on monolignol esters).

TABLE 1

Kinetic, parameters of LtPLRh1 (LtCES1) from L. tridentata
for different monolignol ester substrates (48-50) (VASSAO, et al.,
Manuscript in press)), and chavicol/eugenol synthase from basil and
isoeugenol synthase from petunia for coniferyl acetate (49) (Koeduka,
et al.,, Proc. Natl. Acad. Sci., USA, 103: 10128-10133, 2006).

K, Ve Kear  KeadKyy
(M) (pkatpg'prot) (s7) (M's™H
LtPLRh1 (LtCES1)
p-Coumaryl acetate (48) 350 200 6.80 19,500
Coniferyl acetate (49) 290 190 6.46 22,000
p-Coumaryl coumarate 210 75 2.55 12,000
(30)
ObEGS1 5,100 20 0.7 136
PhIGS1 1,600 7 0.3 160

According to particular aspects, the long-standing question
regarding the biochemical formation of these widely used
compounds, allyl and propenyl phenols, has now been eluci-
dated and shown to utilize the same pathway precursors as
lignin biosynthesis. Proteins (and their corresponding genes)
involved in this process have been isolated and characterized,
thus providing a novel approach alter and re-engineer the
lignification program of woody plants, as well as enabling the
production of these compounds in more commonly cultivated
plants.

Exemplary uses for Allyl/Propenyl Phenols:

In particular aspects, the biotechnological approaches uti-
lizing the enzymatic machinery described above are applied
to produce allyl and propenyl phenols, diverting (to a pre-
determined extent) some of the carbon flow, for example,
from lignin towards these metabolites, while maintaining the
resulting plants’ capacities to grow and function within
acceptable boundaries. The resulting cellulosic biomass thus
becomes more amenable to pulp/paper manufacture and/or
biofuel production due to the lower lignin contents. Alterna-
tively, oilseed metabolism is manipulated to produce these
allyl/propenyl phenol substances in larger amounts. In addi-
tional aspects, upon processing and purification, these com-
pounds are used as biofuels, biofuel precursors, flavors/fra-
grances and/or intermediate chemicals (e.g., as monomers for
synthetic polymers, etc.).

In additional aspects, the ability to routinely biotechno-
logically modify plants and/or cell cultures to produce allyl/
propenyl phenols, such as chavicol (31) and eugenol (33),
provides the opportunity to consider much larger markets for
these products, i.e., in addition to expanding the flavor/fra-
grance/antiseptic/biocidal markets that currently exist. For
instance, in terms of the flavor/fragrance market, the natural
vanillin market can potentially be expanded. Driven by con-
sumer preferences towards truly “natural” food products,
food additives, and pharmaceuticals, several biocatalytic pro-
cesses for production of plant-derived metabolites using
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microbes and plant cell cultures have been developed and
patented in recent years (Krings, et al., Appl. Microbiol. Bio-
technol., 1998, 49, 1-8; Longo, et al, Food Technol. Biotech-
nol., 2006, 44, 335-353; Priefert, et al., Appl. Microbiol.
Biotechnol., 2001, 56, 296-314; Rabenhorst, et al., U.S. Pat.
No. 5,017,388, May 21, 1991, 1991, pp. 3; Schrader et al.,
Biotechnol. Lett., 2004, 26, 463-472; Shimoni, et al., J. Bio-
technol., 2000, 78, 1-9; Yoshimoto, et al., Japan Patent num-
ber JP02200192, 1990; and Berger, et al., Genetic engineer-
ing. Part III: Food Flavors, in: Encyclopedia of Food Science
and Technology, vol. 2 (Y. H. Hui, ed.), Wiley-Interscience,
New York. 1991, pp. 1313-1320; all incorporated by refer-
ence herein). This enthusiasm has been fueled by the promise
to generate transgenic cultures with increased efficacy for
production of target metabolites. This approach also a offers
economic advantages over conventional chemical syntheses,
including better stereospecificity in product formation and
lower amounts of waste products being generated upon pro-
cessing. In particular, production of flavors via biotechno-
logical processes offers an additional economic advantage
since, unlike their chemically prepared counterparts, the
resulting products can be marketed as “natural” under current
U.S. and E.U. legislation. In this regard, successful microbial
production of vanillin from various precursors, such as
eugenol (33) and isoeugenol (39), has been reported recently,
being achieved at relatively high substrate concentrations,
e.g. transformation of isoeugenol (20 g/L.) using a strain of
Serratia marcescens led to vanillin accumulation (3.8 g/L).
An enzymatic process for conversion of isoeugenol (39) into
vanillin using a ligno stilbene-c.,-dioxygenase from a
Pseudomonas paucimobilis strain has also been patented.
Thus, the technologies are now in hand to permit formation of
natural vanillin through established microbial and genetic
manipulations in either plants and/or plant/bacterial cell cul-
tures.

According to additional aspects, much larger anticipated
potential markets for the allyl/propenyl phenols include the
industrial polymers and biofuel/biodiesel. Regarding poly-
mer applications, the expected worldwide production of poly-
styrenes alone was ~25 million metric tons in 2006, repre-
senting sales 0of 31 billion dollars. Allyl/propenyl phenols can
be converted into functionalized polystyrene derivatives, and
an increased supply creates the potential for their massive
usage as intermediate (monomer) chemicals in industrial
polymers. Currently existing applications include eugenol
(33)-based polymers, which are widely used in dentistry in
zinc oxide impression pastes applied as surgical dressings
and temporary cements, as well as specialty modifying (i.e.
coating) agents in analytical electrodes.

The functionalized f-methylstyrenes anethole (38) and
isoeugenol (39) can be converted into polymers of several
thousand Da. However, the potential of such conversions has
only been studied to a limited extent relative to their vinyl
analogues (i.e. styrene and derivatives thereot), in part due to
limited supply/availability, and because propenylbenzenes do
not apparently undergo as efficient free radical polymeriza-
tion reactions as styrenes—even though their electronic con-
figuration is such that a radical intermediate can also be
stabilized by the aromatic ring. The most efficient polymer-
ization initiators described thus far for propenylbenzene
derivatives are Lewis acids, particularly AICl;, SnCl, and
BF,.

In general, the steric factors on the monomers define, to a
large extent, both polymerization rates and molecular weights
of the resulting polymers, with anethole, for example, being
more reactive than isoeugenol. Polymerization reactions can
proceed through a conventional 1,2-chain formation, similar
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to styrene, with the propagating species being a Lewis acid-
induced carbocation that is added to the double bond of
another monomer. This results in a polymer backbone com-
posed of the carbons 7 and 8 of the original monomers. The
molecular weights of the resulting polymers are higher at
lower temperatures and, in the case of anethole when poly-
merized by SnCl,, can vary from a few thousand up to about
75,000 Da depending on both temperature and dilution levels.
For isoeugenol, the phenolic oxygen moiety also participates
in the polymerization reactions, thereby increasing the struc-
tural complexity of the resulting polymer(s) so formed (FIG.
11A). Additionally, allylphenols such as methylchavicol (32)
and eugenol (33) can form mixed polymers, resulting from
the partial rearrangement of the side-chain double bond upon
carbocation formation prior to attachment to the polymer
chain (FIG. 115).

In further aspects, in terms of uses to provide biofuels, it is
noteworthy that ~100 billion gallons of gasoline fuel were
consumed in the USA in 2005. In addition, the annual con-
sumption of diesel fuel in 2000, including highway diesel,
farms, electric power, railroad, fuel oil (residential, commer-
cial and heating) and kerosene, totaled approximately 57.1
billion gallons.

In yet further aspects, if one considers the annual pulp and
paper production in the USA (ca 120 million metric tons/year,
1997 figures), some part of the production of lignins/heart-
wood lignans and other phenylpropanoid derivatives in com-
mercially important woody plant species is diverted away
from their natural biosynthetic pathways, i.e. to afford allyl/
propenyl phenols, etc. In principle, the lignin/lignan sub-
stances currently produced annually as by-products of pulp/
paper industries (more than 50 million tons) could instead be
converted to ca 15 billion gallons allyl/propenyl phenols per
annum, if fully converted. Nevertheless, any reduction in
carbon flow to lignin, or reductions/changes in heartwood-
forming constituents, could represent a significant increase in
biofuel production.

In additional aspects, allyl and propenyl phenols have rela-
tively high heats of combustion at room temperature, with
values generally being about 70% (per weight) of medium
chain hydrocarbons such as octane and decane. That is, these
allyl/propenyl phenols can generate more energy (per weight)
than ethanol. In terms of other relevant properties, using two
examples only for illustrative purposes, chavicol (31) has
boiling/flash points of 238/102° C. at normal atmospheric
pressure and density ~1.01 g/cm®, whereas eugenol (33) val-
ues are ~253/112° C. and 1.07 g/cm? (at 20° C.). Such values
are within the ranges needed for biodiesel/biofuel consider-
ations. Their reported freezing points are, however, generally
between —10° C. and room temperature, which would reduce
their potential as liquid biofuels if used exclusively as such in
pure liquid form. This limitation might be circumvented,
however, by either blending them into other fuels, similar to
the coconut oils added as biofuels to diesel in the Philippines,
or through their chemical derivatization to generate materials
of'lower freezing point prior to biofuel use (e.g., hydrogena-
tion, which may also help reduce pollutant emission upon
combustion). Catalytic hydrogenation of side-chain double
bonds of allyl/propenylbenzenes is readily achieved at atmo-
spheric pressures, whereas reduction of the aromatic ring
typically requires higher temperatures and pressures using
traditional metal catalysts (e.g., supported Pd or Raney Ni).
Reduced allyl/propenyl phenols have already been generated
by such catalytic hydrogenation reactions, e.g. 2-methoxy-4-
propyl-cyclohexanol (58, FIG. 12) was obtained in near-
quantitative amounts from eugenol (33) (Maillerer, E., U.S.
Pat. No. 4,904,465, 1990). Newer catalytic systems, however,
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have the exciting potential to dramatically improve the reduc-
tion conditions, e.g. as recently reported for the quantitative
hydrogenation of several benzene analogues, at room tem-
perature and atmospheric hydrogen pressure, using ruthe-
nium-containing methylated cyclodextrin catalysts (Now-
icki, et al., J. Chem. Soc., Chem Commun, 2006, 296-298).
Therefore, according to additional aspects, the presently dis-
closed biotechnology applications provide important new
sources of biofuels/bioenergy.

In summary, the prior art biotechnological lignin-reduction
endeavors thus far reported have, in general, resulted in plants
apparently unsuitable for large scale cultivation resulting
from compromised vasculature, and perhaps higher suscep-
tibility to pathogen attacks as well. Similarly, lignin repre-
sents a challenge in the processing of plant biomass (e.g.,
corn, switchgrass or miscanthus) for biofuel/bioethanol gen-
eration using current fermentation techniques. Therefore,
applicants have herein provided some solutions through the
application of a newly elucidated metabolic process sharing
the same lignin biochemical precursors, i.e. the biosynthesis
of liquid allyl and propenyl phenols. The pertinent enzymes,
genes and specific biochemical precursors in this process
have been isolated and described, thus lending themselves to
exploitation through bioengineering.

Biologically Active Variants

Variants of the novel disclosed PLR/CS/ES homologue
polypeptides have substantial utility in various aspects of the
present invention. Variants can be naturally or non-naturally
occurring. Naturally occurring variants are found in plants or
other life forms and comprise amino acid sequences which
are significantly or substantially identical to the amino acid
sequences shown herein, and include natural sequence poly-
morphisms. Species homologs of the protein can be obtained
using subgenomic polynucleotides of the invention, as
described below, to make suitable probes or primers for
screening cDNA expression libraries from other plant species
for example, identifying cDNAs which encode homologs of
the protein, and expressing the cDNAs as is known in the art.

Non-naturally occurring variants which retain substan-
tially the same biological activities as naturally occurring
protein variants, including the PLR/CS/ES homologue activi-
ties disclosed herein and the modulation of carbon metabo-
lism, are also included here. Preferably, naturally or non-
naturally occurring variants have amino acid sequences (or
corresponding nucleic acid sequences) which are at least
45%, 55%, 65%, 75% 85%, 90%, 95%, 97%, 98%, or 99%
identical to the amino acid sequence shown herein. More
preferably, the molecules are at least 98% or 99% identical.
Percent identity is determined using any method known in the
art. A non-limiting example is the Smith-Waterman homol-
ogy search algorithm using an affine gap search with a gap
open penalty of 12 and a gap extension penalty of 1. The
Smith-Waterman homology search algorithm is taught in
Smith and Waterman, Adv. Appl. Math. 2:482-489, 1981.

As used herein, “amino acid residue” refers to an amino
acid formed upon chemical digestion (hydrolysis) of a
polypeptide at its peptide linkages. The amino acid residues
described herein are generally in the “L” isomeric form.
Residues in the “D” isomeric form can be substituted for any
L-amino acid residue, as long as the desired functional prop-
erty is retained by the polypeptide. NH, refers to the free
amino group present at the amino terminus of a polypeptide.
COOH refers to the free carboxy group present at the car-
boxyl terminus of a polypeptide. In keeping with standard
polypeptide nomenclature described in J. Biol. Chem., 243:
3552-59 (1969) and adopted at 37 C.F.R. §§1.821-1.822,
abbreviations for amino acid residues are shown in Table 7:
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TABLE 7

Table of Correspondence

SYMBOL
1-Letter 3-Letter AMINO ACID
Y Tyr Tyrosine
G Gly Glycine
F Phe Phenylalanine
M Met Methionine
A Ala Alanine
S Ser Serine
I Ile Isoleucine
L Leu Leucine
T Thr Threonine
\' Val Valine
P Pro Praline
K Lys Lysine
H His Histidine
Q Gln Glutamine
E Glu glutamic acid
Z Glx Glu and/or Gln
w Trp Tryptophan
R Arg Arginine
D Asp aspartic acid
N Asn Asparagines
B Asx Asn and/or Asp
C Cys Cysteine
X Xaa Unknown or other

It should be noted that all amino acid residue sequences
represented herein by a formula have a left to right orientation
in the conventional direction of amino-terminus to carboxyl-
terminus. In addition, the phrase “amino acid residue” is
defined to include the amino acids listed in the Table of
Correspondence and modified and unusual amino acids, such
as those referred to in 37 C.F.R. §§1.821-1.822, and incorpo-
rated herein by reference. Furthermore, it should be noted that
a dash at the beginning or end of an amino acid residue
sequence indicates a peptide bond to a further sequence of one
or more amino acid residues or to an amino-terminal group
such as NH, or to a carboxyl-terminal group such as COOH.

Guidance in determining which amino acid residues can be
substituted, inserted, or deleted without abolishing biological
or immunological activity can be found using computer pro-
grams well known in the art, such as DNASTAR™ software.
Preferably, amino acid changes in the protein variants dis-
closed herein are conservative amino acid changes, i.e., sub-
stitutions of similarly charged or uncharged amino acids. A
conservative amino acid change involves substitution of one
of a family of amino acids which are related in their side
chains. Naturally occurring amino acids are generally divided
into four families: acidic (aspartate, glutamate), basic (lysine,
arginine, histidine), non-polar (alanine, valine, leucine, iso-
leucine, proline, phenylalanine, methionine, tryptophan), and
uncharged polar (glycine, asparagine, glutamine, cystine,
serine, threonine, tyrosine) amino acids. Phenylalanine, tryp-
tophan, and tyrosine are sometimes classified jointly as aro-
matic amino acids.

In a peptide or protein, suitable conservative substitutions
of amino acids are known to those of skill in this art and
generally can be made without altering a biological activity of
a resulting molecule. Those of skill in this art recognize that,
in general, single amino acid substitutions in non-essential
regions of a polypeptide do not substantially alter biological
activity (see, e.g., Watson et al. Molecular Biology of the
Gene, 4th Edition, 1987, The Benjamin/Cummings Pub. Co.,
p. 224).
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Such substitutions may be made in accordance with those
set forth in TABLE 8 as follows:

TABLE 8
Original Conservative
residue substitution
Ala(A) Gly; Ser
Arg (R) Lys
Asn (N) Gln; His
Cys (C) Ser
Gln (Q) Asn
Glu (E) Asp
Gly (G) Ala; Pro
His (H) Asn; Gln
Ile () Leu; Val
Leu (L) Ile; Val
Lys (K) Arg; Gln; Glu
Met (M) Leu; Tyr; Ile
Phe (F) Met; Lew; Tyr
Ser (S) Thr
Thr (T) Ser
Trp (W) Tyr
Tyr (Y) Trp; Phe
Val (V) Ile; Leu

Other substitutions also are permissible and can be deter-
mined empirically or in accord with other known conserva-
tive (or non-conservative) substitutions.

Variants of the PLR/CS/ES homologue polypeptide dis-
closed herein include glycosylated forms, aggregative conju-
gates with other molecules, and covalent conjugates with
unrelated chemical moieties (e.g., pegylated molecules).
Covalent variants can be prepared by linking functionalities
to groups which are found in the amino acid chain or at the N-
or C-terminal residue, as is known in the art. Variants also
include allelic variants, species variants, and muteins. Trun-
cations or deletions of regions which do not affect functional
activity of the proteins are also variants.

A subset of mutants, called muteins, is a group of polypep-
tides in which neutral amino acids, such as serines, are sub-
stituted for cysteine residues which do not participate in dis-
ulfide bonds. These mutants may be stable over a broader
temperature range than native proteins (Mark et al., U.S. Pat.
No. 4,959,314).

Preferably, amino acid changes in the PLR/CS/ES homo-
logue polypeptide variants are conservative amino acid
changes, i.e., substitutions of similarly charged or uncharged
amino acids. A conservative amino acid change involves sub-
stitution of one of a family of amino acids which are related in
their side chains. Naturally occurring amino acids are gener-
ally divided into four families: acidic (aspartate, glutamate),
basic (lysine, arginine, histidine), non-polar (alanine, valine,
leucine, isoleucine, proline, phenylalanine, methionine, tryp-
tophan), and uncharged polar (glycine, asparagine,
glutamine, cystine, serine, threonine, tyrosine) amino acids.
Phenylalanine, tryptophan, and tyrosine are sometimes clas-
sified jointly as aromatic amino acids.

It is reasonable to expect that an isolated replacement of a
leucine with an isoleucine or valine, an aspartate with a
glutamate, a threonine with a serine, or a similar replacement
of an amino acid with a structurally related amino acid will
not have a major effect on the biological properties of the
resulting secreted protein or polypeptide variant. Properties
and functions of PLR/CS/ES homologue polypeptide protein
or polypeptide variants are of the same type as a protein
comprising the amino acid sequence encoded by the nucle-
otide sequences shown herein, although the properties and
functions of variants can differ in degree.
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PLR/CS/ES homologue polypeptide variants include gly-
cosylated forms, aggregative conjugates with other mol-
ecules, and covalent conjugates with unrelated chemical moi-
eties (e.g., pegylated molecules). PLR/CS/ES homologue
polypeptide variants also include allelic variants (e.g., poly-
morphisms), species variants, and muteins. Truncations or
deletions of regions which do not preclude functional activity
of the proteins are also variants. Covalent variants can be
prepared by linking functionalities to groups which are found
in the amino acid chain or at the N- or C-terminal residue, as
is known in the art.

It will be recognized in the art that some amino acid
sequence of the PLR/CS/ES homologue polypeptides of the
invention can be varied without significant effect on the struc-
ture or function of the protein. If such differences in sequence
are contemplated, it should be remembered that there are
critical areas on the protein which determine activity. In gen-
eral, it is possible to replace residues that form the tertiary
structure, provided that residues performing a similar func-
tion are used. In other instances, the type of residue may be
completely unimportant if the alteration occurs at a non-
critical region of the protein. Thus, the PLR/CS/ES homo-
logue polypeptides of the present invention may include one
or more amino acid substitutions, deletions or additions,
either from natural mutations or human manipulation.

Of particular interest are substitutions of charged amino
acids with another charged amino acid and with neutral or
negatively charged amino acids. The latter result in proteins
with reduced positive charge to improve the characteristics of
the disclosed protein. The prevention of aggregation is highly
desirable. Aggregation of proteins not only results in a loss of
activity but can also be problematic when preparing pharma-
ceutical formulations, because they can be immunogenic
(Pinckard et al., Clin. Exp. Immunol. 2:331-340, 1967; Rob-
bins et al., Diabetes 36:838-845, 1987; Cleland et al., Crit.
Rev. Therapeutic Drug Carrier Systems 10:307-377, 1993).

Amino acids in the PLR/CS/ES homologue polypeptides
of'the present invention that are essential for function can be
identified by methods known in the art, such as site-directed
mutagenesis or alanine-scanning mutagenesis (Cunningham
and Wells, Science 244:1081-1085, 1989). The latter proce-
dure introduces single alanine mutations at every residue in
the molecule. The resulting mutant molecules are then tested
for biological activity such as the catalytic activities
described herein. Sites that are critical for ligand-receptor
binding can also be determined by structural analysis such as
crystallization, nuclear magnetic resonance or photoaffinity
labeling (Smith et al., J. Mol. Biol. 224:899-904, 1992 and de
Vos et al. Science 255:306-312, 1992).

As indicated, changes are preferably of a minor nature,
such as conservative amino acid substitutions that do not
significantly affect the folding or activity of the protein. Of
course, the number of amino acid substitutions a skilled arti-
san would make depends on many factors, including those
described above. Generally speaking, the number of substi-
tutions for any given PLR/CS/ES homologue polypeptide
will not be more than about 50, 40, 30, 25, 20, 15, 10, 5,3, 2,
or 1.

In addition, pegylation of PLR/CS/ES homologue
polypeptides and/or muteins is expected to provide such
improved properties as increased half-life, solubility, and pro-
tease resistance. Pegylation is well known in the art.

Fusion Proteins

Fusion proteins comprising proteins or polypeptide frag-
ments of PLR/CS/ES homologue polypeptides can also be
constructed. Fusion proteins are useful for generating anti-
bodies against amino acid sequences and for use in various
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targeting and assay systems. For example, fusion proteins can
be used to identify proteins which interact with a PLR/CS/ES
homologue polypeptide of the invention or which interfere
with its biological function. Physical methods, such as pro-
tein affinity chromatography, or library-based assays for pro-
tein-protein interactions, such as the yeast two-hybrid or
phage display systems, can also be used for this purpose. Such
methods are well known in the art and can also be used as drug
screens. Fusion proteins comprising a signal sequence can be
used.

A fusion protein comprises two protein segments fused
together by means of a peptide bond. Amino acid sequences
for use in fusion proteins of the invention can utilize the
amino acid sequences disclosed herein (e.g., contiguous
amino acid residues corresponding to different reading
frames of the PLR/CS/ES homologue coding sequences;
frame-shift protein variants, etc) or can be prepared from
biologically active variants thereof. The first protein segment
can include a full-length PLR/CS/ES homologue polypep-
tide.

Other first protein segments can consist of amino acid
sequence selected from the group consisting of SEQ ID NOS:
2,4,6,18, 20 and 22, and fragments of of SEQ ID NOS:2, 4,
6,18,20and 22 ofabout 5, about 10, about 20, about 30, about
50 or more contiguous residues in length.

The second protein segment can be a full-length protein or
a polypeptide fragment. The second protein can be homolo-
gous or heterologous. Heterologous proteins commonly used
in fusion protein construction include [3-galactosidase, p-glu-
curonidase, green fluorescent protein (GFP), autofluorescent
proteins, including blue fluorescent protein (BFP), glu-
tathione-S-transferase (GST), luciferase, horseradish peroxi-
dase (HRP), and chloramphenicol acetyltransferase (CAT).
Additionally, epitope tags can be used in fusion protein con-
structions, including histidine (His) tags, FLAG tags, influ-
enza hemagglutinin (HA) tags, Myc tags, VSV-G tags, and
thioredoxin (Trx) tags. Other fusion constructions can
include maltose binding protein (MBP), S-tag, Lex a DNA
binding domain (DBD) fusions, GAL4 DNA binding domain
fusions, and herpes simplex virus (HSV) BP16 protein
fusions.

These fusions can be made, for example, by a frame-shift
process, or alternatively by covalently linking two protein
segments or by standard procedures in the art of molecular
biology. Recombinant DNA methods can be used to prepare
fusion proteins, for example, by making a DNA construct
which comprises a coding region for the PLR/CS/ES homo-
logue protein sequence in proper reading frame with a nucle-
otide encoding the second protein segment and expressing the
DNA construct in a host cell, as is known in the art. Many kits
for constructing fusion proteins are available from companies
that supply research labs with tools for experiments, includ-
ing, for example, Promega Corporation (Madison, Wisc.),
Stratagene (La Jolla, Calif.), Clontech (Mountain View,
Calif.), Santa Cruz Biotechnology (Santa Cruz, Calif.), MBL
International Corporation (MIC; Watertown, Mass.), and
Quantum Biotechnologies (Montreal, Canada; 1-888-DNA-
KITS).

Screening and Expression:

One skilled in the art will readily recognize that antibody
preparations, nucleic acid probes (DNA and RNA) and the
like may be prepared and used to screen and recover
“homologous” or “related” PLR/CS/ES homologue nucleic
acids and proteins from a variety of plant sources. Typically,
nucleic acid probes are labeled to allow detection, preferably
with radioactivity although enzymes or other methods may
also be used. For immunological screening methods, anti-
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body preparations either monoclonal or polyclonal are uti-
lized. Polyclonal antibodies, although less specific, typically
are more useful for gene isolation. For detection, the antibody
is labeled using radioactivity or any one of a variety of second
antibody/enzyme conjugate systems that are commercially
available, and well-known in the art.

Homologous sequences are found when there is an identity
of sequence and may be determined upon comparison of
sequence information, nucleic acid or amino acid, or through
hybridization reactions between a known PLR/CS/ES homo-
logue and a candidate source. Conservative changes (see in
more detail below), such as Glu/Asp, Val/lle, Ser/Thr, Arg/
Lys and Gln/Asn may also be considered in determining
sequence homology.

Typically, a lengthy nucleic acid sequence may show as
little as 50-60%, 60%-70%, 70% to 80% sequence identity,
and more preferably at least about 70% or about 80%
sequence identity, between the target sequence and the given
plant PLR/CS/ES homologue of interest excluding any dele-
tions which may be present, and still be considered related.
Amino acid sequences are considered homologous by as little
as 25% sequence identity between the two complete mature
proteins (see generally, Doolittle, R. F., Of URFS and ORFS
(University Science Books, California, 1987).

To obtain additional PLR/CS/ES homologues, a genomic
or other appropriate library prepared from the candidate plant
source of interest is probed with conserved sequences from
one or more PLR/CS/ES homologue to identify homolo-
gously related sequences. Positive clones are then analyzed
by restriction enzyme digestion and/or sequencing. When a
genomic library is used, one or more sequences may be iden-
tified providing both the coding region, as well as the tran-
scriptional regulatory elements of the gene from such plant
source. Probes can also be considerably shorter than the entire
sequence. Oligonucleotides (see below in more detail) may
be used, for example, but should be at least about 10, prefer-
ably at least about 15, at least about 18, at least about 19, at
least about 20, at least about 25, at least about 50, or at least
about 100, and preferably at least about 19 or about 20 nucle-
otides in length. When shorter length regions are used for
comparison, a higher degree of sequence identity is required
than for longer sequences. Shorter probes are often particu-
larly useful for polymerase chain reactions (PCR), especially
when highly conserved sequences can be identified. When
longer nucleic acid fragments are employed (>100 bp) as
probes, especially when using complete or large cDNA
sequences, moderately high stringencies (for example using
50% formamide at 37° C. with minimal washing) can still be
used for screening to obtain signal from the target sample
with 20-50% deviation, i.e., homologous sequences.

Not only can PLR/CS/ES homologue sequences such as
shown herein be used to identify homologous additional
PLR/CS/ES homologue sequences, but the resulting
sequences obtained therefrom may also provide a further
method to obtain additional PLR/CS/ES homologues from
other plant sources. In particular, PCR may be a useful tech-
nique to obtain related additional plant PLR/CS/ES homo-
logues from sequence data provided herein. One skilled in the
art will be able to design oligonucleotide probes based upon
sequence comparisons or regions of typically highly con-
served sequence.

Once the nucleic acid sequence is obtained, the transcrip-
tion, or transcription and translation (expression), of the addi-
tional PLR/CS/ES homologue(s) in a host cell is desired, to
produce a ready source of the enzyme and/or modify the
carbon composition found therein. Other useful applications
may be found when the host cell is a plant host cell, in vitro
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and in vivo. Additionally, as disclosed herein, yeast may be
used. For example, by increasing the amount of one or more
PLR/CS/ES homologue enzymes available to the plant bio-
synthetic complex, moulation of carbon flow as described
herein may be acheived. In a like manner, for some applica-
tions, by decreasing the amount of particular enzymes (e.g.,
desaturase enzymes and/or fatty acyl elongases) available to
the plant, in conjunction with an increase of the amount of one
or more PLR/CS/ES homologue enzymes available, a sub-
stantial moulation of carbon flow may be acheived.

The nucleic acid sequences which encode plant PLR/CS/
ES homologue enzymes may be used in various constructs,
for example, as probes to obtain further sequences. Alterna-
tively, these sequences may be used in conjunction with
appropriate regulatory sequences to increase levels of the
respective PLR/CS/ES homologue enzymes of interest in a
host cell for recovery or study of the enzyme in vitro or in vivo
or to decrease levels or activities of other enzymes of interest
for some applications when the host cell is a plant entity,
including plant cells, plant parts (including but not limited to
seeds, cuttings or tissues) and plants.

A nucleic acid sequence encoding a novel plant PLR/CS/
ES homologue enzyme disclosed herein may include
genomic, cDNA or mRNA sequence. “Encoding” means that
the sequence corresponds to a particular amino acid sequence
either in a sense or anti-sense orientation. By “extrachromo-
somal” is meant that the sequence is outside of the plant
genome of which it is naturally associated. “Recombinant”
means that the sequence contains a genetically engineered
modification through manipulation via mutagenesis, restric-
tion enzymes, and the like. A cDNA sequence may or may not
contain pre-processing sequences, such as transit peptide
sequences. Transit peptide sequences facilitate the delivery of
the protein to a given organelle and are cleaved from the
amino acid moiety upon entry into the organelle, releasing the
“mature” sequence. The use of a precursor plant PLR/CS/ES
homologue DNA sequence is preferred in plant cell expres-
sion cassettes. Other transit peptide sequences, such as a
transit peptide of seed ACP, may be employed to translocate
the plant PLR/CS/ES homologue enzymes of this invention to
various organelles of interest. Likewise, once a given plant
PLR/CS/ES homologue transit peptide is obtained, it may be
used to translocate sequences other than its native coding
region.

The complete genomic sequence of the plant PLR/CS/ES
homologue enzymes may be obtained by the screening of a
genomic library with a probe, such as a cDNA probe, and
isolating those sequences which, for example, regulate
expression in plant tissue. In this manner, the transcription
and translation initiation regions, introns, and/or transcript
termination regions of the plant PLR/CS/ES homologue
enzymes may be obtained for use in a variety of DNA con-
structs, with or without the PLR/CS/ES homologue enzymes
structural gene. Thus, nucleic acid sequences corresponding
to the plant PLR/CS/ES homologue enzymes of this invention
may also provide signal sequences useful to direct transport to
a cellular organelle (e.g., into a plastid), 5' upstream non-
coding regulatory regions (promoters) having useful tissue
and timing profiles, 3' downstream non-coding regulatory
region useful as transcriptional and translational regulatory
regions and may lend insight into other features of the gene.

Once the desired plant PLR!CS/ES homologue nucleic
acid sequence is obtained, it may be manipulated in a variety
of ways. Where the sequence involves non-coding flanking
regions, the flanking regions may be subjected to resection,
mutagenesis, etc. Thus, transitions, transversions, deletions,
and insertions may be performed on the naturally occurring
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sequence. In addition, all or part of the sequence may be
synthesized. In the structural gene, one or more codons may
be modified to provide for a modified amino acid sequence, or
one or more codon mutations may be introduced to provide
for a convenient restriction site or other purpose involved with
construction or expression. The structural gene may be fur-
ther modified by employing synthetic adapters, linkers to
introduce one or more convenient restriction sites, or the like.

The nucleic acid or amino acid sequences encoding an
inventive plant PLR/CS/ES homologue may be combined
with other non-native, or “heterologous”, sequences in a vari-
ety of ways. By “heterologous” sequences is meant any
sequence which is not naturally found joined to the plant
PLR/CS/ES homologue, including, for example, combina-
tions of nucleic acid sequences from the same plant which are
not naturally found joined together.

The DNA sequence encoding an inventive plant PLR/CS/
ES homologues may be employed in conjunction with all or
part of the gene sequences normally associated with the PLR/
CS/ES homologue(s). In its component parts, for example, a
DNA PLR/CS/ES homologue encoding sequence is com-
bined in a DNA construct having, in the 5' to 3' direction of
transcription, a transcription initiation control region capable
of promoting transcription and translation in a host cell, the
DNA sequence encoding one or more plant PLR/CS/ES
homologues, and a transcription and translation termination
region.

Potential host cells include both prokaryotic and eukary-
otic cells (e.g., plant cells, yeast, etc.). A host cell may be
unicellular or found in a multicellular differentiated or undif-
ferentiated organism depending upon the intended use. Inven-
tive cells may be distinguished by having a plant PLR/CS/ES
homologue foreign to the wild-type cell present therein, for
example, by having a recombinant nucleic acid construct
encoding a plant PLR/CS/ES homologue therein.

Depending upon the host, the regulatory regions may vary,
including regions from viral, plasmid or chromosomal genes,
orthe like. For expression in prokaryotic or eukaryotic micro-
organisms, particularly unicellular hosts, a wide variety of
constitutive or regulatable promoters may be employed.
Expression in a microorganism can provide a ready source of
the plant enzyme. Among transcriptional initiation regions
which have been described are regions from bacterial and
yeast hosts, such as E. coli, B. subtilis, Sacchromyces cerevi-
siae, including genes such as beta-galactosidase, T7 poly-
merase, tryptophan E and the like.

Generally, the constructs will involve regulatory regions
functional in plants, plant tissues (e.g., seed tissue) or other
organisms (e.g., yeast) which provide for modified produc-
tion of plant PLR/CS/ES homologues, and possibly, modifi-
cation ofthe carbon composition and/or accumulation (level).
The open reading frame, coding for the plant PLR/CS/ES
homologue or functional fragments thereof will be joined at
its 5' end to a transcription initiation regulatory region such
as, for example, the wild-type sequence naturally found 5'
upstream to the respective PLR/CS/ES homologue structural
gene. Numerous other transcription initiation regions are
available which provide for a wide variety of constitutive or
regulatable, e.g., inducible, transcription of the structural
gene functions. Among transcriptional initiation regions used
for plants are such regions associated with the structural
genes such as for nopaline and mannopine synthases, or with
napin, ACP promoters and the like. The transcription/trans-
lation initiation regions corresponding to such structural
genes are found immediately 5' upstream to the respective
start codons. In embodiments wherein the expression of one
or more of the PLR/CS/ES homologue proteins is desired in
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a plant host, the use of all or part of the complete plant
PLR/CS/ES homologue/gene is desired; namely all or part of
the 5' upstream non-coding regions (promoter) together with
the structural gene sequence and 3' downstream non-coding
regions may be employed. Alternatively, if a different pro-
moter is desired, such as a promoter native to the plant host of
interest or a modified promoter, i.e., having transcription
initiation regions derived from one gene source and transla-
tion initiation regions derived from a different gene source,
including the sequences encoding the PLR/CS/ES homo-
logue of interest, or enhanced promoters, such as double 35S
CaMV promoters, the sequences may be joined together
using standard techniques.

For such applications when 5' upstream non-coding
regions are obtained from other genes regulated during seed
maturation, those preferentially expressed in plant embryo
tissue, such as ACP and napin-derived transcription initiation
control regions, are desired. Such “seed-specific promoters”
may be obtained and used in accordance with the teachings of
U.S. Ser. No. 07/147,781, filed Jan. 25, 1988 (now U.S. Ser.
No. 07/550,804, filed Jul. 9, 1990), and U.S. Ser. No. 07/494,
722 filed on or about Mar. 16, 1990 having a title “Novel
Sequences Preferentially Expressed In Early Seed Develop-
ment and Methods Related Thereto,” which references are
hereby incorporated by reference. Transcription initiation
regions which are preferentially expressed in seed tissue, i.e.,
which are undetectable in other plant parts, are considered
desirable for carbon pathway modifications and/or accumu-
lation in order to minimize any disruptive or adverse effects of
the gene product.

Regulatory transcript termination regions may be provided
in DNA constructs of this invention as well. Transcript termi-
nation regions may be provided by the DNA sequence encod-
ing the plant PLR/CS/ES homologue or a convenient tran-
scription termination region derived from a different gene
source, for example, the transcript termination region which
is naturally associated with the transcript initiation region. In
particular embodiments (e.g., where the transcript termina-
tion region is from a different gene source), it will contain at
least about 0.5 kb, preferably about 1-3 kb of sequence 3' to
the structural gene from which the termination region is
derived.

Plant expression or transcription constructs having a plant
PLR/CS/ES homologue as the DNA sequence of interest for
increased or decreased expression thereof may be employed
with a wide variety of plant life, particularly, plant life
involved in the production of, for example, oils for edible and
industrial uses. Particular embodiments comprise temperate
oilseed crops. Plants of interest include, but are not limited to,
rapeseed (Canola and High Erucic Acid varieties), suntlower,
safflower, cotton, Cuphea, soybean, peanut, coconut and oil
palms, and corn. Depending on the method for introducing
the recombinant constructs into the host cell, other DNA
sequences may be required. Importantly, this invention is
applicable to dicotyledon and monocotyledon species alike
and will be readily applicable to new and/or improved trans-
formation and regulation techniques.

The method of transformation is not critical to the instant
invention; various methods of plant transformation are cur-
rently available. As newer methods are available to transform
crops, they may be directly applied hereunder. For example,
many plant species naturally susceptible to Agrobacterium
infection may be successfully transformed via tripartite or
binary vector methods of Agrobacterium-mediated transfor-
mation. Additionally, techniques of microinjection, DNA
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particle bombardment, electroporation have been developed
which allow for the transformation of various monocot and
dicot plant species.

In developing the DNA construct, the various components
of the construct or fragments thereof will normally be
inserted into a convenient cloning vector which is capable of
replication in a bacterial host, e.g., E. coli. Numerous vectors
exist that have been described in the literature. After each
cloning, the plasmid may be isolated and subjected to further
manipulation, such as restriction, insertion of new fragments,
ligation, deletion, insertion, resection, etc., so as to tailor the
components of the desired sequence. Once the construct has
been completed, it may then be transferred to an appropriate
vector for further manipulation in accordance with the man-
ner of transformation of the host cell.

Normally, included with the DNA construct will be a struc-
tural gene having the necessary regulatory regions for expres-
sion in a host and providing for selection of transformant
cells. The gene may provide for resistance to a cytotoxic
agent, e.g. antibiotic, heavy metal, toxin, etc., complementa-
tion providing prototrophy to an auxotrophic host, viral
immunity or the like. Depending upon the number of different
host species, the expression construct or components thereof
are introduced, one or more markers may be employed, where
different conditions for selection are used for the different
hosts.

It is noted that the degeneracy of the DNA code provides
that some codon substitutions are permissible of DNA
sequences without any corresponding modification of the
amino acid sequence.

As mentioned above, the manner in which the DNA con-
struct is introduced into the plant host is not critical to this
invention. Any method which provides for efficient transfor-
mation may be employed. Various methods for plant cell
transformation include the use of Ti- or Ri-plasmids, micro-
injection, electroporation, DNA particle bombardment, lipo-
some fusion, DNA bombardment or the like. In many
instances, it will be desirable to have the construct bordered
on one or both sides by T-DNA, particularly having the left
and right borders, more particularly the right border. This is
particularly useful when the construct uses 4. tumefaciens or
A. rhizogenes as a mode for transformation, although the
T-DNA borders may find use with other modes of transfor-
mation.

Where Agrobacterium is used for plant cell transformation,
a vector may be used which may be introduced into the
Agrobacterium host for homologous recombination with
T-DNA or the Ti- or Ri-plasmid present in the Agrobacterium
host. The Ti- or Ri-plasmid containing the T-DNA for recom-
bination may be armed (capable of causing gall formation) or
disarmed (incapable of causing gall formation), the latter
being permissible, so long as the vir genes are present in the
transformed Agrobacterium host. The armed plasmid can
give a mixture of normal plant cells and gall.

In some instances where Agrobacterium is used as the
vehicle for transforming plant cells, the expression construct
bordered by the T-DNA border(s) will be inserted into a broad
host spectrum vector, there being broad host spectrum vectors
described in the literature. Commonly used is pRK2 or
derivatives thereof. Included with the expression construct
and the T-DNA will be one or more markers, which allow for
selection of transformed Agrobacterium and transformed
plant cells. A number of markers have been developed for use
with plant cells, such as resistance to chloramphenicol, the
aminoglycoside G418, hygromycin, or the like. The particu-
lar marker employed is not essential to this invention, one or
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another marker being preferred depending on the particular
host and the manner of construction.

For transformation of plant cells using Agrobacterium,
explants may be combined and incubated with the trans-
formed Agrobacterium for sufficient time for transformation,
the bacteria killed, and the plant cells cultured in an appro-
priate selective medium. Once callus forms, shoot formation
can be encouraged by employing the appropriate plant hor-
mones in accordance with known methods and the shoots
transferred to rooting medium for regeneration of plants. The
plants may then be grown to seed and the seed used to estab-
lish repetitive generations and for isolation of vegetable oils.

Once a transgenic plant is obtained which is capable of
producing seed having a modified carbon pathway and/or
carbon product composition and/or accumulation level, tra-
ditional plant breeding techniques, including methods of
mutagensis, may be employed to further manipulate the car-
bon composition. Alternatively, additional carbon pathway
modifying DNA sequences may be introduced via genetic
engineering to further manipulate the carbon composition. It
is noted that the method of transformation is not critical to this
invention. However, the use of genetic engineering plant
transformation methods (e.g., to insert a single desired DNA
sequence) is critical. Heretofore, the ability to modify the
carbon composition of plant oils was limited to the introduc-
tion of traits that could be sexually transferred during plant
crosses or viable traits generated through mutagensis.
Through the use of genetic engineering techniques which
permit the introduction of inter-species genetic information
and the means to regulate the tissue-specific expression of
endogenous genes, a new method is available for the produc-
tion of, for example plant oils, or modified carbon pathways
as described herein, or carbon compositions and/or accumu-
lations using the inventive PLR/CS/ES homologue nucleic
acids and proteins. In addition, there is the potential for the
development of novel plant oils and products upon applica-
tion of the tools described herein.

One may choose to provide for the transcription or tran-
scription and translation of one or more other sequences of
interest in concert with the expression of a plant PLR/CS/ES
homologue in a plant host cell. In particular, the reduced
expression of one or more plant enzymes, in combination
with expression of a plant PLR/CS/ES homologue may be
preferred in some applications.

For providing a plant transformed for the combined effect
of more than one nucleic acid sequence of interest, typically,
but not necessarily a separate nucleic acid construct will be
provided for each. The constructs, as described above, con-
tain transcriptional or transcriptional or transcriptional and
translational regulatory control regions. One skilled in the art
will be able to determine regulatory sequences to provide for
a desired timing and tissue specificity appropriate to the final
product in accord with the above principles (e.g., respective
expression or anti-sense constructs). When two or more con-
structs are to be employed, it may be desired that different
regulatory sequences be employed in each cassette to reduce
spontaneous homologous recombination between sequences.
The constructs may be introduced into the host cells by the
same or different methods, including the introduction of such
a trait by crossing transgenic plants via traditional plant
breeding methods, so long as the resulting product is a plant
having both characteristics integrated into its genome.

An inventive plant PLR/CS/ES homologue includes any
sequence of amino acids, such as a protein, polypeptide, or
peptide fragment, obtainable from a plant source which is
capable of catalyzing the respective biological activity in a
plant host cell, i.e., in vivo, or in a plant cell-like environment,
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i.e., in vitro. “A plant cell-like environment” means that any
necessary conditions are available in an environment (i.e.,
such factors as temperatures, pH, lack of inhibiting sub-
stances) which will permit the enzyme to function.

By decreasing the amount of one or more enzymes, modu-
lation of carbon allocation may be provided. Using anti-
sense, transwitch, ribozyme or some other expression reduc-
ing technology (e.g., mutants), a decrease in the amount of
one or more PLR/CS/ES homologues available to the plant
cell is produced.

By manipulation of various aspects of the DNA constructs
(e.g., choice of promoters, number of copies, etc.) and tradi-
tional breeding methods, one skilled in the art may achieve
even greater modulation of cabon pathways and product
accumulation in plant species.

Exemplary Nucleic Acid Sequences:

In addition to the inventive coding sequences of PLR/CS/
ES homologue nucleic acid sequences disclosed herein (e.g.,
SEQID NOS:1, 3, 5,17, 19 and 21 and related genomic and
RNA sequence), examples of oligonucleotides of length X (in
nucleotides), as indicated by polynucleotide positions with
reference to, e.g., SEQID NOS: 1,3, 5,17, 19 and 21 include
those corresponding to sets (sense and antisense sets) of con-
secutively overlapping oligonucleotides of length X, where
the oligonucleotides within each consecutively overlapping
set (corresponding to a given X value) are defined as the finite
set of Z oligonucleotides from nucleotide positions:

nto (n+(X-1));

where n=1, 2, 3, .. . (Y-(X-1));

where Y equals the length (nucleotides or base pairs) of, for
example, SEQ ID NO:1 (927); (LtPLRh1 (LtCES1) ort)

where X equals the common length (in nucleotides) of each
oligonucleotide in the set (e.g., X=20 for a set of consecu-
tively overlapping 20-mers); and

where the number (7) of consecutively overlapping oligo-
mers of length X for a given SEQ ID NO of length Y is equal
to Y-(X-1). For example 7Z=927-19=908 of either sense or
antisense sets of SEQ ID NO:1, where X=20.

Examples of inventive 20-mer oligonucleotides include the
following set of 908 oligomers (and the antisense set comple-
mentary thereto), indicated by polynucleotide positions with
reference to SEQ ID NO:1:

1-20, 2-21,3-22,4-23, 5-24 . . . and 908-927.

Likewise, examples of inventive 25-mer oligonucleotides
include the following set of 903 oligomers (and the antisense
set complementary thereto), indicated by polynucleotide
positions with reference to SEQ ID NO:1:

1-25, 2-26,3-27,4-28, 5-29 . . . and 903-927.

The present invention encompasses, for each of SEQ ID
NOS:1, 3 and 5, etc. (sense and antisense), multiple consecu-
tively overlapping sets of oligonucleotides or modified oligo-
nucleotides of length X, where, e.g., X=9, 10, 17, 20, 22, 23,
25, 27,30 or 35 nucleotides.

The oligonucleotides or oligomers according to the present
invention constitute effective tools useful to modulate expres-
sion (e.g., siRNA and antisense), and to ascertain genetic and
epigenetic parameters of the genomic sequence correspond-
ing to SEQ ID NOS:1, 3, 5, 17, 19 and 21. Preferred sets of
such oligonucleotides or modified oligonucleotides of length
X are those consecutively overlapping sets of oligomers cor-
responding to SEQ ID NOS:1, 3, 5,17, 19 and 21 (and to the
complements thereof).

The oligonucleotides of the invention can also be modified
by chemically linking the oligonucleotide to one or more
moieties or conjugates to enhance the activity, stability or
detection of the oligonucleotide. Such moieties or conjugates
include chromophores, fluorophors, lipids such as choles-
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terol, cholic acid, thioether, aliphatic chains, phospholipids,
polyamines, polyethylene glycol (PEG), palmityl moieties,
and others as disclosed in, for example, U.S. Pat. Nos. 5,514,
758, 5,565,552, 5,567,810, 5,574,142, 5,585,481, 5,587,371,
5,597,696 and 5,958,773. The probes may also exist in the
form of a PNA (peptide nucleic acid) which has particularly
preferred pairing properties. Thus, the oligonucleotide may
include other appended groups such as peptides, and may
include hybridization-triggered cleavage agents (Krol et al.,
BioTechniques 6:958-976, 1988) or intercalating agents
(Zon, Pharm. Res. 5:539-549, 1988). To this end, the oligo-
nucleotide may be conjugated to another molecule, e.g., a
chromophore, fluorophor, peptide, hybridization-triggered
cross-linking agent, transport agent, hybridization-triggered
cleavage agent, etc.

The oligonucleotide may also comprise at least one art-
recognized modified sugar and/or base moiety, or may com-
prise a modified backbone or non-natural internucleoside
linkage.

Oligonucleotides having modified backbones include
those retaining a phosphorus atom in the backbone, and those
that do not have a phosphorus atom in the backbone.

Preferred modified oligonucleotide backbones include
phosphorothioates or phosphorodithioate, chiral phospho-
rothioates, phosphotriesters and alkyl phosphotriesters, ami-
noalkylphosphotriesters, methyl and other alkyl phospho-
nates including  methylphosphonates, 3'-alkylene
phosphonates and chiral phosphonates, phosphinates, phos-
phoroamidates or phosphordiamidates, including 3'-amino
phosphoroamidate and aminoalkylphosphoroamidates, and
phosphorodiamidate morpholino oligomers (PMOs), thio-
phosphoroamidates, phosphoramidothioates, thioalkylphos-
phonates, thionoalkylphosphotriesters, and boranophos-
phates having normal 3'-5' linkages, 2'-5' linked analogs of
these, and those having inverted polarity wherein the adjacent
pairs of nucleoside units are linked 3'-5' to 5'-3'or 2'-5'to 5'-2'.
Various salts, mixed salts and free acid forms are also
included.

The antisense oligonucleotide may also comprise at least
one modified sugar moiety selected from the group including,
but not limited to arabinose, 2-fluoroarabinose, xylulose, hex-
ose and 2'-O-methyl sugar moieties.

The antisense oligonucleotide may comprise at least one
modified base moiety which is selected from the group
including, but not limited to 5-fluorouracil, 5-bromouracil,
5-chlorouracil, 5-iodouracil, hypoxanthine, xanthine, 4-ace-
tylcytosine, 5-(carboxyhydroxylmethyl)uracil, S-carboxym-
ethylaminomethyl-2-thiouridine, 5-carboxymethylaminom-
ethyluracil, dihydrouracil, beta-D-galactosylqueosine,
inosine, N6-isopentenyladenine, 1-methylguanine, 1-meth-
ylinosine, 2,2-dimethylguanine, 2-methyladenine, 2-meth-
ylguanine, 3-methylcytosine, S-methylcytosine, N6-adenine,
7-methylguanine, S-methylaminomethyluracil, 5-meth-
oxyaminomethyl-2-thiouracil, beta-D-mannosylqueosine,
5'-methoxycarboxymethyluracil, 5-methoxyuracil, 2-meth-
ylthio-N6-isopentenyladenine, uracil-5-oxyacetic acid (v),
wybutoxosine, pseudouracil, queosine, 2-thiocytosine, 5-me-
thyl-2-thiouracil, 2-thiouracil, 4-thiouracil, 5-methyluracil,
uracil-5-oxyacetic acid methylester, uracil-5-oxyacetic acid
(v), S-methyl-2-thiouracil, 3-(3-amino-3-N-2-carboxypro-
pylD) vracil, (acp3)w, and 2,6-diaminopurine (see also U.S.
Pat. No. 5,958,773 and patents disclosed therein).

In addition to antisense oligos, representative siRNA
sequence regions are disclosed herein; namely, in view of the
above algorithm in combination with the teachings on
sequences, design (e.g., length, structure, composition, etc),
preparation and use thereof, provided herein below under
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“siRNA.” Methods of preparing and using siRNA are gener-
ally disclosed in U.S. Pat. No. 6,506,559, incorporated herein
by reference (see also reviews by Milhavet et al., Pharmaco-
logical Reviews 55:629-648, 2003; and Gitlin et al., J. Virol.
77:7159-7165, 2003; incorporated herein by reference).

The siRNA may comprise one or more strands of polymer-
ized ribonucleotide, and may include modifications to either
the phosphate-sugar backbone or the nucleoside. For
example, the phosphodiester linkages of natural RNA may be
modified to include at least one of a nitrogen or sulfur het-
eroatom. Modifications in RNA structure may be tailored to
allow specific genetic inhibition.

The present invention will now be illustrated by reference
to the following examples which set forth particularly advan-
tageous embodiments. However, it should be noted that these
embodiments are illustrative and are not to be construed as
restricting the claimed invention in any way.

EXAMPLE 1

(Novel Chavicol/Eugenol Synthases were Isolated
from Larrea tridentata)

Example summary. The creosote bush (Larrea tridentata)
accumulates a complex mixture of 8-8' regiospecifically
linked lignans, of which the potent antioxidant nordihy-
droguaiaretic acid (NDGA, 40) is the most abundant. Its
tetra-O-methyl derivative (M4N, 41) is showing considerable
promise in the treatment of the refractory (hard-to-treat) can-
cers of the head and neck. NDGA (40) and related 9,9'-
deoxygenated lignans are thought to be formed by dimeriza-
tion of allyl/propenyl phenols, phenylpropanoid compounds
that lack C-9 oxygenation, thus differentiating them from the
more common monolignol-derived lignans. In applicants’
ongoing studies dedicated towards elucidating the biochemi-
cal pathway to NDGA (40) and its congeners, six pinoresinol-
lariciresinol reductase homologues (“PLRh”) (SEQ ID NOS:
2,4, 6, 18, 20 and 22) were isolated from L. tridentata, with
protein obtained in recombinant form. According to aspects
of the present invention all six of these enzymes catalyze the
conversion of p-coumaryl (48, 50) and coniferyl (49) alcohol
esters into the corresponding allylphenols, chavicol (31) and
eugenol (33). Of these six PLRh_Lt proteins, one of these
homologues (PLRh_It1) (SEQ ID NO:2) was analyzed in
greatest detail, and this protein efficiently catalyzes the con-
version of p-coumaryl (48, 50) and coniferyl (49) alcohol
esters into the corresponding allylphenols, chavicol (31) and
eugenol (33), and neither of their propenylphenol regioiso-
mers, p-anol (37) and isoeugenol (39), are formed during this
enzyme reaction.

Example overview/rationale. The creosote bush (Larrea
tridentata), or “‘chaparral”, is a predominant component of
shrub vegetation in southern North American deserts, having
been traditionally used by Native American populations for
various medicinal purposes (1) Other Larrea species (L.
ameghinoi, L. cuneifolia, L. divaricata, L. nitida) are found in
desert areas of South America, from where the creosote bush
is thought to have geographically originated (2). The species
is a rich source of specialized metabolites, including pheno-
lics, terpenoids, saponins and odorous vinyl ketones (3). The
regiospecifically 8-8' linked lignan nordihydroguaiaretic acid
(NDGA, 40, FIG. 3) is a prevalent and biologically active
compound present in leaves, flowers and young stems of L.
tridentata (and other Larrea species) (e.g. NDGA (40) is a
strong antioxidant and also a phytotoxic allelochemical).
Reported levels of NDGA (40) in creosote bush leaves vary
between 3-15% of dry weight (4), and synthetic methods now
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allow for its versatile production, as well as analogs thereof
(5). Notably, NDGA (40) differs from most other natural
lignans by lacking an oxygenated functionality at carbons 9
and 9'.

NDGA (40) is abundantly present in aqueous and alcoholic
extracts, teas, and, more recently, capsules prepared from the
creosote bush. These are traditionally used to treat, most
commonly, diseases of renal and gynaecological origins (for
an excellent comprehensive review, see (1)). NDGA (40) is a
strong antioxidant (6) that has been shown to be an inhibitor
of lipoxygenases (7, 8), and can inhibit tumor necrosis fac-
tor-a. (TNF)-induced apoptosis (9), as well as the growth of
several cancer cell lines (10). The semi-synthetic derivative
tetra-O-methyl NDGA (M4N, 41, FIG. 3) has antiviral (11)/
anti-HIV (12) activities, and can suppress growth of human
xenograft tumors (13); it is also proceeding through NIH
trials as a treatment for the particularly hard-to-treat cancers
of head and neck.

Despite the growing potential of clinical uses for NDGA
(40) and derivatives thereof, its biosynthetic pathway in
planta remains unknown, e.g. the actual phenylpropanoid
substrate undergoing dimerization has not been determined.
Based on phytochemical studies, a provisional pathway has
been proposed (14) and is depicted in FIG. 13, starting from
the amino acid Phe (1) as the departure point from primary
metabolism to generate, through the phenylpropanoid meta-
bolic pathway, an allylphenol such as p-anol (37). The latter
could then serve as the (putatively) protein-controlled radi-
cal-radical coupling substrate to afford the 9,9'-deoxygenated
furanolignan larreatricin (62). Larreatricin (62) could then be
envisaged to undergo sequential hydroxylation, with its
furano-ring then reduced to afford NDGA (40). In this regard,
an enantiospecific larreatricin 3'-hydroxylase from L. triden-
tata was isolated and characterized (14), but whose role (as
well as the role of larreatricin (62) itself) in the NDGA (40)
biosynthetic pathway remains to be further investigated. In
this proposed pathway, deoxygenation of the terminal (9 and
9" carbons of NDGA (40) would be achieved prior to cou-
pling (i.e. with an allyl/propenyl phenol such as p-anol (37)
serving as substrate). The allyl/propenyl phenol substrate,
upon dimerization, could afford the 8-8' linked, 9,9'-deoxy-
genated lignans, thus differing from most other lignans which
appear to be hydroxycinnamyl alcohol (monolignol)-derived.
On the other hand, utilization of monolignols as substrates for
coupling with subsequent deoxygenation could not be ruled
out, as experimental evidence for either pathway was insuf-
ficient.

Several other 9,9'-deoxygenated lignans (FIG. 14) are also
of growing medicinal interest due to their potential biological
activities, again emphasizing the need to fully establish their
biosynthetic pathways in planta. These include: the cancer
cell pro-apoptotic licarin A (64) from Machilus thunbergii
(15) and Aristolochia pubescens (16) the anti-Chagasic (17)
(-)-grandisin (65) from Litsea grandis (18) and Piper solm-
sianum (19), as well as the antioxidant gomisin A (66) from
Schizandra chinensis, a plant used in traditional Chinese
medicine to protect the liver (20, 21). In a manner analogous
to NDGA (40), all of these 9,9'-deoxygenated lignans can be
envisaged to be biosynthesized from allyl/propenyl phenol
monomers bearing different ring substitution patterns; these
would undergo regio- and/or enantio-specific dimerization to
afford the lignan carbon skeleta, with further peripheral ring
modifications (e.g. hydroxylation, O-methylation, or methyl-
enedioxy-bridge formation).

Allyl/propenyl phenols have also attracted much interest,
as monomers, due to their flavor/fragrance properties (22), as
well as their potential uses as antimicrobials. Eugenol (33),
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the most abundant natural allylphenol, is present in several
commercially important spices, e.g. cloves and cinnamon.
Eugenol (33) has antimicrobial activity against many patho-
genic bacteria, fungi and nematodes ((23) and references
therein), while being classified as GRAS (Generally Recog-
nized As Safe) by the U.S. Food and Drug Administration for
its use as a flavoring agent. Anethole (38) is a major compo-
nent of anise oil and is used as a flavoring/perfume agent,
whereas the regioisomer methylchavicol (32) is present in the
essential oil of several herbs like tarragon, and has acaricidal
properties (24).

The biosynthetic pathway leading to these monomeric C-9
deoxygenated phenylpropanoids was recently elucidated in
basil (Ocimum basilicum) and petunia (Petunia hybrida). It
was established that hydroxycinnamyl alcohol esters could
serve as substrates for regiospecific NADPH-dependent
reductases that catalyze their conversion into allyl/propenyl
phenols; i.e. p-coumaryl acetate (48) and p-coumaryl couma-
rate (50) can be transformed into chavicol (31) and/or p-anol
(37), while coniferyl acetate (48) can be converted into
eugenol (33) and/or isoeugenol (39) (FIG. 15A) (25, 26).
These NAD(P)H-dependent reductases bear highest amino
acid homology (TABLES 1la, 1b) to members of the PIP
family of enzymes that we have previously extensively char-
acterized, namely pinoresinol-lariciresinol, isoflavone, and
phenylcoumaran benzylic ether reductases (27-310.)
Materials and Methods:

Materials. All solvents used, either HPL.C or reagent grade,
were purchased from Mallinckrodt Baker (Phillipsburg,
N.J.). All other chemicals were purchased from Sigma-Ald-
rich (St. Louis, Mo.). Creosote bush (Larrea tridentata)
plants were grown from seed (Plants of the Southwest, Santa
Fe, N.M.) and maintained in Washington State University
greenhouse facilities until required, as in (14).

Instrumentation. 'H and *C NMR spectra were acquired
on a Varian Mercury 300 spectrometer. Electrostatic ioniza-
tion mass spectrometry (EIMS) was carried out on an Integ-
rity LC/MS System (Waters, Milford, Mass.) using He as
carrier gas and ion source temperature of 205° C. Reversed-
phase HPLC analyses employed a Waters Alliance 2690
HPLC system equipped with UV-Vis diode-array detection
set at 280 nm, under flow rate of 1 ml min™, linear gradient
solvent system A:B (CH;CN-3% HOAc in H,0), 10 to 70%
A in 40 min, 100% A from 41 to 43 min, then to 10% A at 44
min, 60 min total run time. Separations used a Symmetry
Shield RP, ; column (Waters; 150x3.9 mm inner diameter, 5
um particle size).

Chemical syntheses. Chavicol (31), p-coumaryl acetate
(48) and p-coumaryl coumarate (50) were prepared as
described in (25). Coniferyl acetate (49): Coniferyl alcohol
(21, 90 mg, 0.5 mmol) was dissolved in pyridine (1 ml)
containing a catalytic amount of DMAP (~1 mg), and Ac,O
(1 ml) was added, with the whole left unstirred for 4 h. Next,
EtOAc (60 ml) was added and the whole was washed with
cold 1% aqueous HC1 (3x30 ml), satd NH,C1 (5x30 ml), brine
(2x30ml), dried over Na,SO, and concentrated in vacuo. The
resulting oil was dissolved in pyrrolidine (1 ml) and kept
unstirred for 15 min, after which EtOAc (50 ml) was added,
with the whole washed with cold 3% aqueous HCI (2x25 ml),
satd NH,Cl1 (6x25 ml), brine (2x25 ml), dried over Na,SO,,
and concentrated in vacuo. The resulting material was puri-
fied by silica gel column chromatography using silica gel
pre-treated with EtOH-HOAc (99:1), then reequilibrated in
CHCI; and eluted with CHCIl;-EtOAc (3:1) to afford
coniferyl acetate (49, 61.8 mg, 0.28 mmol, 56% overall
yield), with spectroscopic data in agreement with (26).
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Isolation of LtPLRh1 (LtCES1, PLRh_Lt1), LtPLRh2 (Lt-
CES2, PLRh_Lt2), Lt_PLR13 (LtCES3), LtCES4, LtCES5
and LtCES6. A cDNA library was constructed from L. triden-
tata leaf tissue and plated for primary screening. Plates were
blotted onto Magna Nylon membranes circles (Micron Sepa-
ration Inc.), which were then allowed to air dry. The mem-
branes were placed between two layers of Whatman 3MM
Chr paper, and cDNA library phage DNA was fixed to the
membranes with denaturing in one step by 3 min autoclaving
at 100° C. with fast exhaust. The membranes were next
washed for 60 min, with gentle shaking at 45° C., with 6x
standard saline citrate (SSC) and 0.1% SDS, then prehybrid-
ized for 5 h with gentle shaking at 58° C. in preheated 6xSSC,
0.5% SDS, and 5x Denhardt’s reagent (prehybridization
solution, 200 ml). The *>*P-labeled probe (Fi_PlrII) was dena-
tured (100° C., 10 min), quickly cooled on ice (15 min), and
added to fresh preheated hybridization solution (120 ml at47°
C.). The prehybridized membranes were next added to the
dish, which was covered with plastic -wrap, and hybridization
was performed for 31 h at 47° C. with gentle shaking. The
membranes were then washed in 4xSSC and 0.5% SDS (250
ml) for 10 min at RT, transferred to preheated 2xSSC and
0.5% SDS (250 ml), and incubated at 47° C. for 15 min with
gentle shaking. After removal from the dish and wrapping in
plastic wrap to prevent drying, the membranes were finally
exposed to Kodak X-OMAT AR film for 46 h at -80° C.
between intensifying screens. Fifteen positive plaques were
purified through another round of screening under the same
conditions as above. Nine purified cDNA clones were rescued
from the phage following Stratagene’s in vivo excision pro-
tocol. The c¢DNAs rescued in pBluescript SK(-) were
sequenced using T3 and T7 primers, and particular cDNA
clones showed high homology (e.g., some with >60% iden-
tity) to known PLR-reductases (TABLE 1C), thus being
named LtPLRh1 (LtCES1, PLRh_It1), LtPLRh2 (LtCES2,
PLRh_It2), and Lt PLR13 (LtCES3). The genes (e.g.,
LtPLRh1 (LtCES1)) were amplified with a sticky BamH I
S'-terminal end and a sticky EcoR I 3'-terminal end. After
ligation to the BamH I and EcoR 1 pre-digested pGEX-4T-1
plasmid vector, the respective expression construct (e.g.,
LtPLRh1/pGEX-4T-1) was transformed into TOP10 cells for
sequence verification.

The three clones LtCES4, LtCESS5 and LtCES6 were iso-
lated using degenerate primers designed from regions of
homology between [tCES1 and LtCES2. They are about
88% similar and 75% identical to [tCES1 at the protein
seqeunce level (See Tables 1D, E and F).

Protein Purification. For LtPLRh1 (LtCES1) expression,
for example, purified plasmid DNA, LtPLRh1 (LtCES1)/
pGEX-4T-1, was transformed into BL21-CodonPlus®
(DE3)-RIL E. coli cells according to Stratagene’s instruc-
tions. Transformed cells (250 ml cultures) were grown in
Fernbach flasks at 37° C. with shaking (230 rpm) to
ODy,~0.8-1.0 in LB medium supplemented with 100 pg/ml
carbenicillin. Cell suspensions were cooled down on ice with
gentle agitation for 20 min and induced with IPTG to a final
concentration o' 0.5 mM. After 24 h incubation at 20° C. (230
rpm), cells were pelleted by centrifugation (3500xg, 25 min,
4° C.) and stored at —-80° C. for at least 2 h to facilitate cell
lysis. Pellets were thawed at 37° C. for 5 min and resuspended
in 25 ml of BugBuster® Protein Extraction Reagent
(Novagen) containing 25 pul Benzonase® nuclease (25 units/
ul) and 2 pl rLysozyme™ solution (30 kilounits/ul). After
incubation at room temperature for 5 min with gentle shaking,
the cell suspension was left on ice for 30 min and subse-
quently centrifuged (16,000xg, 25 min, at 4° C.) to remove
cell debris. After filtration (0.45 pm), the supernatant (25 ml)
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was incubated for 15 min at room temperature with Glu-
tathione Sepharose 4B resin (1 ml bed volume, GE Health-
care) pre-equilibrated with 20 ml 1x PBS buffer (140 mM
NaCl, 2.7 mM KCI, 10.1 mM Na,HPO,, 1.8 mM KH,PO,,
pH adjusted to 7.3), with the whole transferred to a Poly-
Prep® Column (Bio-Rad), which was then washed with 50 ml
of ice-cold 1x PBS buffer. The bound material was eluted
with 10 mM glutathione in 50 mM Tris-HCI, pH 8.0. Frac-
tions containing the GST-fusion protein (identified by SDS-
PAGE analysis) were combined, and thrombin protease was
added (10 cleavage units per mg of fusion protein) with incu-
bation at RT for 12 h. Once digestion was complete, glu-
tathione was removed by extensive dialysis (1000 volumes)
against 1x PBS buffer, followed by removal of GST-tag on
Glutathione Sepharose 4B. The LtPLRh1 (LtCES1), purified
to apparent homogeneity, was eluted in the flow-through vol-
ume of the column (FIG. 16).

Site-directed mutagenesis generation of LtPLRh1 (Lt-
CES1) _K133A. Originally, the LtPLRh1 (LtCES1)/pGEX-
4T-1 constructed plasmid DNA was maintained in E. cofi
TOP 10 cells (dam*/dem™* strain). Using plasmid DNA iso-
lated from the E. coli strain as a template, site-directed
mutagenesis of LtIPLRh1 (LtCES1) was carried out using a
QuickChange® XL Site-Directed Mutagenesis Kit (Strat-
agene) with the primers 5'-CTACATTTGAAATGGCGGCT-
CAACTCCGCAG-3' (SEQ ID NO:13) and 5'-CTGCG-
GAGTTGAGCCGCCATTTCAAATGTAG-3' (SEQ 1D
NO:14) for K133 A single point mutation. The PCR reaction
was performed following the manufacturer’s instructions,
with 7-min extension cycles at 68° C. In order to remove the
parental DNA template, PCR products were subjected to Dpn
I restriction enzyme digestion reaction and then directly
transformed into E. coli TOP10 cells. After selection on LB
medium supplemented with 100 pg/ml carbenicillin, positive
transformants were subjected to DNA sequencing with
pGEX vector specific primers (sense: 5'-GGGCTG-
GCAAGCCACGTTTGGTG-3' (SEQ ID NO:15); antisense:
5'-CCGGGAGCTGCATGTGTCAGAGG-3' (SEQ 1D
NO:16)). After sequence confirmation, the LtPLRh1 (Lt-
CES1)/pGEX-4T-1 vector construct containing the K133A
point mutation was used for transformation of BL.21-Codon-
Plus® (DE3)-RIL E. coli cells (Stratagene), with the positive
clone designated as the LtPLRh1_K133A mutant. The
LtPLRh1_KI133A mutant protein was heterologously
expressed, purified and assayed following the procedure
described above for the wild type [tPLRh1 (LtCES1) protein.

Enzymatic assays. All assays were performed at 30° C. in
250 wl of the corresponding buffered solutions (at 100 mM
buffer concentration) containing 0.5 pug LtPL LtPLRh1 (Lt-
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CES1) Rhl and 1.0 mM NADPH, and were terminated by
addition of 25 pl glacial acetic acid and freezing. Chavicol/
eugenol synthase activity assays were individually performed
in Bis-Tris propane buffer (pH 7.55) containing 0.4 mM
p-coumaryl coumarate (50), p-coumaryl acetate (48) or
coniferyl acetate (49). Assays were carried out for 1 to 120
min; controls included both boiled enzyme extracts and omis-
sion of substrates.

pH optima: Assays were carried out for 30 min at each pH
(MES at pH 5.35, 5.73,5.97, 6.39 and 6.83, Bis-Tris propane
at pH 6.5, 7.0, 7.55, 8.03, 8.53, 9.0 and 9.59, AMPD at pH
8.37,9.02, 9.49, 9.82, 10.16, 10.38), and contained 1.0 mM
p-coumaryl coumarate (50), coniferyl acetate (49), or 0.5 mM
p-coumaryl acetate (48).

Kinetic parameters (K,, and V,,,.): Three sets of triplicate
assays were carried out for 5 min in Bis-Tris propane buffer at
pH 7.55, and contained different concentrations of p-cou-
maryl acetate (48), p-coumaryl coumarate (50) or coniferyl
acetate (49) (3.2 uM-1 mM).

Inhibition studies: Assays were carried out in duplicate for
5 min in Bis-Tris propane bufter at pH 7.55, and contained 0.2
mM p-coumaryl acetate (48) or coniferyl acetate (49), and
different concentrations of p-coumaryl alcohol (19),
coniferyl alcohol (21), p-coumaric acid (4), chavicol (31) or
eugenol (33) (0-0.5 mM).

Results and Discussion:

This Example 1 discloses the the isolation and character-
ization of six L. tridentata PIP reductase homologues (Lt-
PLRh1 (LtCES1, PLRh_Itl), LtPLRh2 (LtCES2,
PLRh_Lt2), Lt PLR13 (LtCES3), LtCES4, LtCES5 and
LtCES6) (SEQ ID NOS:2, 4 6, 18, 20 and 22. respectively)
that catalyze the C-7 reduction of p-coumaryl and coniferyl
alcohol esters (48-50) (TABLES 1A, 1B and 1C) (FIG. 7), in
the presence of NADPH or NADH, to form chavicol (31) and
eugenol (33), respectively. In particular the L. tridentata PIP
reductase homologue (LtPLRh1 (ILtCES1)) has been charac-
terized in most detail, and efficiently catalyzes the C-7 reduc-
tion of p-coumaryl and coniferyl alcohol esters, in the pres-
ence of NADPH or NADH, to form chavicol and eugenol,
respectively. Based on previously reported kinetic parameters
for the recently characterized homologues in basil and petu-
nia (26), this enzyme appears to be over 100-fold more effi-
cient for eugenol (33) formation. (LtCES1) also reduces
p-coumaryl alcohol esters (48/50) to afford chavicol (31) with
comparable substrate affinity and efficiency. Amino acid
homologies between LtPLRh1 (LtCES1, PLRh_Lt1) and its
basil/petunia homologues are relatively low within the PIP
enzyme family, with the two latter enzymes being closer
homologues of bona fide PLRs from other organisms than
LtPLRhI (LtCES1).

TABLE 1A

Alignment of amino acid sequences of LtPLRh1 (SEQ ID NO:2), LtPLRh2
(SEQ ID NO:4) and Lt PLR13 (SEQ ID NO:6) to homologues FiPLR1, ObEGS1 and
PhIGS1. The putative NADPH-binding domain is indicated by a box, and a conserved Lys

residue targeted for site-directed mutagenesis (K'>* in LtPLRh1 and 2) is indicated by arrows.

PLRh_Ltl
PLRh_Lt2
Lt_PLR13
PLR_Fil
ObEGS1
PhIGS1
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TABLE 1A-continued

Alignment of amino acid sequences of LtPLRh1 (SEQ ID NO:2), LtPLRh2

(SEQ ID NO:4) and Lt PLR13 (SEQ ID NO:6) to homologues FiPLR1, ObEGS1 and

PhIGS1. The putative NADPH-binding domain is indicated by a box, and a conserved Lys
residue targeted for site-directed mutagenesis (K!3* in LtPLRh1 and 2) is indicated by arrows.

PLRh Ltl
PLRh Lt2
Lt PLR13
PLR Fil
. SRRy
ObEGS1 S
SR
pPhIGs1 R
_— e
PLRD_LEL 112 \EHQ%%%%T @%&%'& SﬁF E%§%§§§ VT
PLRh Lt2 112 Ms PTEMGLEVT
- S W J‘t“t"t“t &tk :W“\Q ‘
Lt PLR13 116 3s
= b tx~_ SRimE R e
PLR_Fil 116 pRMEPs L e e sn it i
ObEGS1 111 DRV \\\\%%EENN\\\\\\\\\\\E e o
PhIGS1 114 ERGH BRI TR TR IS L TAYRYD Y| --
PLRh Ltl 170 ERERENTY
= ?w:w“aa %
PLRh Lt2 170 o
= SRS
Lt PLR13 PV,
PLR Fil
ObEGS1
pPhIGs1
PLRh Ltl
PLRh Lt2
Lt PLR13 L Eo
- \x R
PLR_Fil 236 HERLIEEN
ObEGS1 226 W%KFK&
pPhIGS1 229 FWERTTH
PLRh Ltl 290 BERRH R oy --- - - -
PLRh Lt2 290
Lt PLR13 294
— aled ey
PLR_Fil 294 KIPHH
_ e
ObEGS1 285 SLED
o i
PhIGS1 289 PEVBNVNPES D@&ﬁ‘ﬁ ICEVNPPKPKLATYAQPST

TABLE 1B

Percentages of amino acid similarity and identity among LtPLRh1 (LtCES1),
LtPLRh2 (ItCES2),, Lt PIL.R13 (LtCES3),, FiPLR1, ObEGS] and PhIGSI.

Identity

Simirarity PLRh_It2 Lt _PLRI3 PLR_Fil ObEGS1 PhIGS1
PLRh_TItl 88.0 64.1 65.1 63.7 62.2
78.2 46.8 48.9 444 42.0
PLRh_It2 63.8 64.7 61.5 59.8
455 48.9 41.0 40.8
Lt_PLRI3 86.5 59.6 59.4
744 38.8 38.0
PLR_Fil 61.1 58.5
39.9 384
ObEGS1 70.0

42
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TABLE 1C

Percentages of nuclei acid (¢cDNA) similarity and identity among LtPLRh1 (LtCES1),,
LtPLRh2 (T+CES2),, Lt PLR13 (I.tCES3), FiPLR1, ObEGS!1 and PhIGS1.

Identity
Simirarity PLRh_Lt2 Lt_PLRI13 PLR_Fil ObEGS1  PhIGS1
PLRh_Itl 81.2 59.0 60.1 56.4 55.6
(LtCES1) 81.2 58.3 58.8 54.9 54.5
PLRh_Lt2 58.4 58.6 55.0 55.5
(LtCES2) 57.6 57.2 53.4 54.6
Lt_PLRI3 73.6 58.0 54.9
(LtCES3) 73.4 54.7 53.1
PLR_Fil 56.2 56.1
53.2 53.5
ObEGS1 61.9
61.3
TABLE 1D

Comparison of exemplary LtCES (LtCES1, LtCES2, LtCES4, LtCESS5 and
LtCES6) Peptides (SEQ ID NOS:2. 4, 18, 20 and 22, respectively).

fREoro I S ot

P
TR 3.

Cecmst I — — O — 0
LECES4 1§ s wmw&ww&ww
LtCES5 18 MWME%MM&@W
LtCESé6 1

LtCES1

LtCES2

LtCES4

LtCESS

LtCESé6

LtCES1

LLCES2 121 &Wmmamﬁmwm@ﬁw

LecEss WW&W@W@W&W@W@@W
LtCES6 o e ‘&&}‘m%\
LtCES1

v Y i7
mm%@m g@m xgmg@g,
LtCESS 181 a@m&mﬁﬁ@mmﬁm ‘
3

sy
E ot
LECES4 Wﬁm@ﬁm&m@m@w&m

LECESS 241 SRyskbeinslizeessiuitaaiuns s i i sl
LECES6 241 S¥ARBIDINARTORSSEREOVRIS SRS SE R R

LtCES1 Eﬁﬁhm
LtCES2 S
LtCES4

LtCES5

LtCES6

TABLE 1E TABLE 1F

Similarity and Identity based on cDNA Sequence (%)

Similarity and Identity based on Peptide Sequence (%)

55
LtCES2 LtCES4 LtCES5 LtCES6
LtCES2 LtCES4 LtCESS LtCES6
LtCES1 81.2 81.3 81.2 81.4
LtCES1 88.0 88.3 88.0 88.0 81.2 81.3 81.2 81.4
782 78.9 78.6 78.6 LtCES2 99.6 99.4 99.4
LICES2 99.7 99.4 98.7 60 i 99.6 gz-i gg-i
99.4 99.0 98.4 99.4 00.4
LtCES4 99.7 99.0 LtCESS 99.6
99.7 99.0 99.6
LtCESS 99.4
99.4 65

In initial studies of lignan biosynthesis in Larrea triden-
tata, two homologues (>60% identity) of a Forsythia inter-
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media pinoresinol-lariciresinol reductase (FiPLR1) were iso-
lated from a creosote bush cDNA library using a PLR probe
(Fi_PIrII). These were provisionally annotated as LtPL.LRh1
(LtCES1) and 2, respectively. LtPLRh1 was successfully
expressed, in soluble form, in an E. coli heterologous system
as a 60 kDa GST fusion protein which, after purification by
affinity to a Glutathione Sepharose 4B resin, had the 26 kDa
Schistosoma japonicum GST protein cleaved by incubation
with thrombin protease. Further purification to apparent
homogeneity using Glutathione Sepharose 4B resin afforded
the “native” 34 kDa LtPLRh1 in the flow-through eluent
(FIG. 16). LtPLRh2 has >80% identity to LtPLRh1.
LtPLRh1 (PLRh _Ltl), LtPLRh2 (PLRh_Lt2), and
Lt_PLR13 arehomologues of members of the “PIP” family of
aromatic reductases (pinoresinol-lariciresinol, isoflavone and
phenylcoumaran benzylic ether reductases (TABLE 1A) that
Applicants have extensively characterized (27-32). A fourth
class of these proteins is able to catalyze the formation of
eugenol (33) and isoeugenol (39) from coniferyl acetate (49)
(i.e. the recently described ObEGS1 and PhIGS1 from basil
and petunia (26), respectively), whereas another study indi-
cated that basil cell-free extracts were able to additionally
convert p-coumaryl alcohol esters (48/50) into chavicol (31)
(25). Thus, all of these enzymes catalyze the NADPH-depen-
dent reductions of the phenylpropanoid-derived moieties of
various phenylpropanoids in either a regio- or enantiospecific
manner (FIG. 15A-D)). Of these, the creosote bush homo-
logues LtPLRh1 and 2 are 88% similar and 78% identical to
each other, as well as being 64% similar and 49% identical to
the bonafide PLR from F. intermedia. On the other hand, they
only have about 60% similarity/40% identity to the enzymes
found in petunia and basil. The latter two are, in turn, 56-58%
homologous/38-40% identical to FiPLR (TABLE 1B). A
brief phylogenetic study of several proteins bearing homol-
ogy to LtPLRhI indicates closest homology to several PLR
(e.g. from Thuja plicata), PCBER (e.g. from Pinus taeda),
IFR (e.g. from Medicago) and leucoanthocyanidin reductases
(e.g. from Vitis vinifera), with ObEGS1 and PhIGS1 cluster-
ing closer to bona fide PLRs than [tPLLRh1, which clusters
closer to more distant PLR/PCBER homologues (FIG. 10).
Several members of the PIP enzyme family have been
previously characterized, with three-dimensional structures
determined by X-ray crystallography and some of the cata-
Iytically relevant residues assigned (31). The phosphate-
binding sequence of the well-known dinucleotide-binding
site (Rossmann fold) could be readily assigned to GxxGxxG
in the N-terminal 11-17 amino acids of LtPLLRh1 and 2, these
being homologous to residues 10-16 in FiPLR1, 14-20 in
EGS1 and 12-18 in IGS1, respectively (TABLE 1A). In addi-
tion, Tyr*® and Ile'® (Leu in FiPLR1 and PhIGS1), which
were proposed in (31) to interact with the pyrophosphate
group of NADPH, are present in LtPLRh1, as are Ser*' and
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Arg"*” which were proposed to bind to the O-3' of adenosine
and O-3' of the ribose, respectively. Three other conserved
residues further implicated in NADPH binding are also
present in LtPLRh1; Lys*® involved in the formation of a salt
bridge to the 2'-phosphate of NADPH, as well as Arg>® and
Phe'>®, which are thought to stack against the nicotinamide
moiety of the cofactor. More importantly, a Lys residue that is
conserved among all PIP reductases, and which is thought to
be involved in catalysis as a general base, is also present in
LtPLRh1 (K'*? in LtPLRhI and 2, K**? in ObEGS1, K**® in
PhIGS1, and K**® and K**° in PLR from 7. plicata and F.
intermedia, respectively).

The biochemical function of LtPLRh1 was initially elu-
sive, as in vitro studies showed at best marginal activity
towards pinoresinol (54), larreatricin (62), nectandrin B (72),
licarin A (64), dehydrodiconiferyl alcohol (56), and the com-
mercially available isoflavones genistein (73) and biochanin
A (74). Thus, LtPLRh1 did not function as an efficient PLR,
PCBER or IFR with the substrates tested.

Recently, p-coumaryl and coniferyl alcohol esters (e.g.
48-50) were shown to be substrates for the crucial C9 deoxy-
genation leading to the corresponding allyl/propenyl phenols
(25, 26) by the aforementioned PIP-homologues ObEGS1
and PhIGS1 (26), i.e. to afford chavicol (31), eugenol (33)
and/or isoeugenol (39), respectively. Allyl/propenyl phenols
have been proposed to serve as substrates for oxidative cou-
pling reactions that lead to 9,9'-deoxygenated lignans such as,
in the creosote bush, larreatricin (62) and NDGA (40) (14),
i.e. deoxygenation of the terminal carbons of these lignans
was achieved at a monomeric stage, prior to coupling. Thus,
Applicants determined whether LtPLRh1 showed similar
catalytic properties, even though it has relatively low homol-
ogy (within the PIP reductases) to either ObEGS1 or PhIGS1.

The potential substrates, p-coumaryl acetate (48), p-cou-
maryl coumarate (50) and coniferyl acetate (49) were synthe-
sized from commercial precursors by routes previously used
in our laboratory, as were the chavicol (31) and p-anol (37)
used as chromatographic/spectroscopic standards (25, 33).
Eugenol (33) and isoeugenol (39), the putative products
derived from coniferyl alcohol esters, were both commer-
cially available.

Upon incubation of these potential substrates in the pres-
ence of NADPH (or NADH) as a hydride donor, LtPLRh1
was able to efficiently convert each substrate into the corre-
sponding allylphenols, chavicol (31) and eugenol (33) (FIG.
15A). LtPLRh1 has a pH optimum of ~7.5, with apparent
kinetic parameters for substrates 48-50 summarized in
TABLE 2. The observed reduction of p-coumaryl (48/50) and
coniferyl (49) alcohol esters to afford a deoxygenated side-
chain is therefore analogous to the one recently described in
basil (25, 26), which accumulates allylphenols in its essential
oils, thus indicating a common pathway for their production
in planta.

TABLE 2

LtPLRhI apparent kinetic parameters measured towards p-coumaryl coumarate
(50), p-coumary! acetate (48) and coniferyl acetate (49).

Substrate K, (M) V. (pkatug) k., k /K, M 1s™
LtPLRhl  p-coumaryl coumarate (50) 210 75 2.55 12,000

p-coumaryl acetate (48) 350 200 6.80 19,500

coniferyl acetate (49) 290 190 6.46 22,000
ObEGS1  coniferyl acetate (49) 5,100 20 0.7 160
PhIGS1 coniferyl acetate (49) 1,600 7 0.3 136

Values for ObEGS1 and PhIGS1 are as reported in (26) for coniferyl acetate (49).
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As with other PIP reductases (34), Applicants were able to
observe some substrate versatility with LtPLLRh1 regarding
the phenolic substitution patterns, as well as the carboxylic
leaving group and the enzymatic cofactor. In this aspect,
LtPLRh1 differs from the reductases reported in basil and
petunia, which apparently can only utilize NADPH and
coniferyl acetate (49) to form eugenol (33) and isoeugenol
(39), respectively (26). This observed substrate versatility is,
though, in agreement with results obtained with a Thai basil
enzymatic preparation (25), where both p-coumaryl acetate
(48) and coumarate (50) served as substrates with NADPH
and NADH both serving as cofactors. Additionally, recombi-
nant [tPLRh1 apparently reduces coniferyl acetate
(49) >100-fold more efficiently than its reported homologues
in basil and petunia, with comparable efficacies for p-cou-
maryl alcohol esters (48/50) (TABLE 2).

Applicants were unable to observe traditional Michaelis-
Menten kinetic behavior with LtPLRh1, with substrate con-
centrations above those at activity maxima (~0.2-0.4 mM)
leading, in our assay system, to diminished [tPL.Rh1 activity
(i.e. substrate inhibition). This kinetic behavior had been
observed previously with PLR (34), and LtPLRh1 inhibition
seems to be caused by presence of substrate, and not enzy-
matic products (chavicol (31) or eugenol (33)), or hydrolysis
side-products (p-coumaryl alcohol (19), coniferyl alcohol
(21) or p-coumaric acid (4)); thus the kinetic parameters
reported herein are apparent values. As previously described
in (25), the monolignol esters (48-50) used as substrates are
unstable in aqueous solutions, with hydrolysis side-reaction
products (i.e. p-coumaryl and coniferyl alcohols (19/21), as
well as p-coumaric acid (4) in assays including p-coumaryl
coumarate (50)) being observed in all assays and negative
controls.

Next, it was instructive to investigate the effects of site-
directed mutagenesis of LtPLRh1_K'*3, which, as described
above, is considered to be involved in general acid/base
catalysis. A point mutation of this charged residue to the
catalytically inert amino acid alanine (K133A) resulted in
abolishment of enzymatic activity. This loss of catalytic effi-
ciency thus again apparently confirms the role of K'** in
catalysis, possibly as a general base as proposed before with
other PIP enzymes, i.e. PLR_Tpl from 7. plicata (31), where
K'3* is in proximity to the phenolic substrate, and its Ala
substitution leads to enzyme deactivation.

The slightly basic pH optimum for LtPLRh1, along with
the inefficiency of Ala133 as a general base that could abstract
the substrate phenolic proton, both support the formation of a
quinone methide intermediate in the catalytic mechanism
(FIG. 15A-C), though this remains to be further examined.
Quinone methide intermediates have been implicated in the
catalytic mechanism of other PIP reductases, e.g. in [35] and,
more recently, in studies of substrate versatility of PLR_Tp1
from 7. plicata, which uses several p-hydroxylated phenyl-
propanoid substrates (i.e. pinoresinol (54), medioresinol
(69), syringaresinol (70), FIG. 3B, D) but fails to reduce
substrates with no free phenolic groups (i.e. sesamin (71),
FIG. 15D) (34).

In our previously proposed biosynthetic pathway for
NDGA generation (FIG. 13, (14)), the phenylpropanoid path-
way, followed by side-chain deoxygenation, affords p-anol
(37) as a substrate for protein-controlled radical-radical
dimerization to form the 8,8'-coupled lignan, larreatricin
(62), which is further modified to form NDGA (40). Here,
LtPLRh1 forms chavicol (31), whose side-chain terminal
double bond precludes a similar 8,8' radical coupling reac-
tion. The pertinence of these findings to lignan biosynthesis is
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presently under investigation, in order to elucidate the spe-
cific steps leading to the formation of NDGA (40).

Therefor, this Example 1 describes regiospecific NAD(P)
H-dependent reductase from Larrea tridentata, LtPLRh1,
that catalyzes the reduction of p-coumaryl (48, 50) and
coniferyl (49) alcohol esters to afford the corresponding
allylphenols, chavicol (31) and eugenol (33). The enzyme is
homologous to members of the PIP family of reductases, all
of which catalyze the reduction of phenylpropanoid-derived
side-chains. Site-directed mutagenesis of a catalytically
active Lys residue conserved among other PIP homologues
has rendered the enzyme ineffective. The LtPL.Rh1 kinetic
parameters measured indicate an enzyme with comparable
efficacy relative to other PIP reductases acting on their
respective substrates, but >100-fold higher activity than the
enzymes reported in basil and petunia. The significance of
these results, as well as an understanding of the substrate
versatilities and the actual biological roles of these enzymes,
along with their evolutionary relationships, are currently the
target of our investigations.

References Relating to Example 1

[1] S. Arteaga, A. Andrade-Cetto, R. Cardenas, J. Ethnop-
harmacol. 98 (2005) 231-239.

[2] V. V. Lia, V. A. Confalonieri, C. I. Comas, J. H. Hun-
ziker, Mol. Phylogenet. Evol. 21 (2001) 309-320.

[3] T. J. Mabry, D. R. DiFeo Jr., M. Sakakibara, C. F.
Bohnstedt Jr., D. Seigler, in: T. J. Mabry, J. H. Hunziker, and
D. R. DiFeo Jr., (Eds.), Creosote Bush. Biology and Chem-
istry of Larrea in New World Deserts, Dowden,
Hutchinson & Ross, Inc., Pennsylvania, 1977, pp. 115-134.

[4] P. W. Hyder, E. L. Fredrickson, R. E. Estell, M. Tellez,
R. P. Gibbens, Biochem. Syst. Ecol. 30 (2002) 905-912.

[5] M. H. Gezginci, B. N. Timmermann, Tetrahedron Lett.
42 (2001) 6083-6085.

[6] H. Abou-Gazar, E. Bedir, S. Takamatsu, D. Ferreira, 1.
A. Khan, Phytochemistry 65 (2004) 2499-2505.

[71H.Ye,H.-R. Bi, C.-L. L, X.-B. Tang, D.-L. Zhu, Acta
Phys. Sinica 57 (2005) 612-618.

[8] P. Campello-Costa, A. M. Fosse-Tanior, P. Oliveira-
Silva, C. A. Serfaty, Neuroscience 139 (2006) 979-989.

[9] C. A. Culver, S. M. Michalowski, R. C. Maia, S. M.
Laster, Life Sci. 77 (2005) 2457-2470.

[10]J. D. Lambert, S. Sang, A. Dougherty, C. G. Caldwell,
R. O. Meyers, R. T. Dorr, B. N. Timmermann, Phytochemis-
try 66 (2005) 811-815.

[11] J. Craigo, M. Callahan, R. C. C. Huang, A. L. DeLu-
cia, Antiviral Res. 47 (2000) 19-28.

[12] J. R. Hwu, W. N. Tseng, J. Gnabre, P. Giza, R. C. C.
Huang, J. Med. Chem. 41 (1998) 2994-3000.

[13] R. Park, C.-C. Chang, Y.-C. Liang, Y. Chung, R. A.
Henry, E. Lin, D. E. Mold, R. C. C. Huang, Clin. Cancer Res.
11 (2005) 4601-4609.

[14] M.-H. Cho, S. G. A. Moinuddin, G. L. Helms, S.
Hishiyama, D. Eichinger, L. B. Davin, N. G. Lewis, Proc.
Natl. Acad. Sci. USA 100 (2003) 10641-10646.

[15] B.-Y. Park, B.-S. Min, O.-K. Kwon, S.-R. Oh, K.-S.
Ahn, T.-]. Kim, D.-Y. Kim, K. Bae, H.-K. Lee, Biol. Pharm.
Bull. 27 (2004) 1305-1307.

[16] I. R. Nascimento, L.. M. X. Lopes, Phytochemistry 52
(1999) 345-350.

[17] N. P. Lopes, P. Chicaro, M. I. Kato, S. Albuquerque,
M. Yoshida, Planta Med. 64 (1998) 667-669.

[18] D. Holloway, F. Scheinmann, Phytochemistry 13
(1974)1233-1236.

[19] R. C. C. Martins, L. R. Latorre, P. Sartorelli, M. I.
Kato, Phytochemistry 55 (2000) 843-846.



US 9,131,648 B2

49

[20] M. Nomura, M. Nakachiyama, T. Hida, Y. Ohtaki, K.
Sudo, T. Aizawa, M. Aburada, K.-I. Miyamoto, Cancer Lett.
76 (1994) 11-18.

[21] L. Opletal, H. Sovova, M. Bartlova, J. Chromatogr. B
812 (2004) 357-371.

[22] R. Croteau, T. M. Kutchan, N. G. Lewis, in: B. Bucha-
nan, W. Gruissem, and R. Jones, (Eds.), Biochemistry &
Molecular Biology of Plants, chapter 24, American Society of
Plant Physiologists, 2000, pp. 1250-1318.

[23] D. R. Gang, J. Wang, N. Dudareva, K. H. Nam, J. E.
Simon, E. Lewinsohn, E. Pichersky, Plant Physiol. 125
(2001) 539-555.

[24] H.-S. Lee, I. Food Prot. 68 (2005) 1208-1210.

[25] D. G. Vassdo, D. R. Gang, T. Koeduka, B. Jackson, E.
Pichersky, L. B. Davin, N. G. Lewis, Org. Biomol. Chem. 4
(2006) 2733-2744.

[26] T. Koeduka, E. Fridman, D. R. Gang, D. G. Vasséo, B.
L. Jackson, C. M. Kish, I. Orlova, S. M. Spassova, N. G.
Lewis, J. P.Noel, T. J. Baiga, N. Dudareva, E. Pichersky, Proc.
Natl. Acad. Sci. USA 103 (2006) 10128-10133.

[27] A. Chu, A. Dinkova, L.. B. Davin, D. L. Bedgar, N. G.
Lewis, J. Biol. Chem. 268 (1993) 27026-27033.

[28] A. T. Dinkova-Kostova, D. R. Gang, L.. B. Davin, D. L.
Bedgar, A. Chu, N. G. Lewis, J. Biol. Chem. 271 (1996)
29473-29482.

[29] M. Fyjita, D. R. Gang, L. B. Davin, N. G. Lewis, J.
Biol. Chem. 274 (1999) 618-627.

[30] D.R. Gang, H. Kasahara, Z.-Q. Xia, K. Vander Mijns-
brugge, G. Bauw, W. Boerjan, M. Van Montagu, L. B. Davin,
N. G. Lewis, J. Biol. Chem. 274 (1999) 7516-7527.

[31] T. Min, H. Kasahara, D. L. Bedgar, B. Youn, P. K.
Lawrence, D.R. Gang, S. C. Halls, H. Park, J. L. Hilsenbeck,
L. B. Davin, N. G. Lewis, C. Kang, J. Biol. Chem. 278 (2003)
50714-50723.

[32] D.R. Gang, A. T. Dinkova-Kostova, L. B. Davin, N. G.
Lewis, in: P. A. Hedin, R. M. Hollingworth, E. P. Masler, J.
Miyamoto, and D. G. Thompson, (Eds.), Phytochemicals for
Pest Control, ACS Symp. Series, vol. 658, Washington, D.C.,
1997, pp. 58-89.

[33] S.-J. Kim, M.-R. Kim, D. L.. Bedgar, S. G. A. Moi-
nuddin, C. L. Cardenas, L. B. Davin, C. Kang, N. G. Lewis,
Proc. Natl. Acad. Sci. USA 101 (2004) 1455-1460.

[34] K.-W. Kim, S. G. A. Moinuddin, L. B. Davin, C. Kang,
N. G. Lewis, manuscript in preparation.

[35] T. Katayama, L. B. Davin, A. Chu, N. G. Lewis,
Phytochemistry 33 (1993) 581-591.

[36] J. Felsenstein, PHYLIP (Phylogeny Inference Pack-
age) version 3.5c, distributed by the author (1993).

EXAMPLE 2

Reaction Tissue Formation in Alfalfa, Medicago
sativa L. (Fabaceae), Wild Type and
p-Coumarate-3-Hydroxylase Down-Regulated Lines
and their Stem Tensile Modulus Properties

Example summary. The discovery of reaction tissue in the
forage crop alfalfa (Medicago sativa L..) is described, which
to applicants knowledge, has not hitherto been established as
occurring in herbaceous perennials. It was first observed dur-
ing an investigation of a transgenic alfalfa line reduced in
overall lignin content, but was also formed in the wild type
line as well. The transgenic alfalfa line, obtained through
standard down-regulation of the gene encoding p-coumarate-
3-hydroxylase (pC3H), was reduced in lignin content by circa
64%, as expected from our previous metabolic flux analyses
(Anterola et al., 2002). Comparison of the pC3H down-regu-
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lated (pC3H-I) and WT lines established several differences,
however, when employing microscopy analyses and biome-
chanical testing of various (internodal) alfalfa branch sec-
tions. Relative to WT, the pC3H-I line: (a) apparently more
rapidly formed reaction tissue containing gelatinous fibers
with adjacent thick-walled fibers (presumed to be ‘interme-
diate’ tissue) during development and in greater amount; (b)
had an increased volume of xylem tissue, and (c) had com-
parable tensile dynamic modulus properties. These findings
thus establish the (limited) ability of this perennial
angiosperm to form (inducible) reaction tissue, in a manner
somewhat analogous to that of woody arborescent
angiosperms. Finally, with the recent rapidly growing interest
in lignocellulosic materials for biofuels (e.g. bioethanol), the
potential of effectuating reductions in lignin amounts in
(woody) angiosperms with increased formation of reaction
(tension wood) tissue is discussed. This is because the latter
tissues are often viewed as a deleterious trait for many agro-
nomic/forestry applications, e.g. due to the difficulties expe-
rienced in their subsequent processing for many industrial/
commercial applications.

Example overview. Lignins, nature’s second most abun-
dant vascular plant biopolymer, next to cellulose, has essen-
tial roles in both structural support and in providing conduits
for water and nutrient transport; they also provide a physical
barrier to opportunistic pathogens/herbivores (Lewis et al.,
1999). Recently, biotechnological reduction of lignin
amounts in transgenic lines of economically important plant
species has been a research emphasis in several laboratories,
with various potential benefits being anticipated (Anterola
and Lewis, 2002). These include, for example, decreased
lignin by-product waste generation during pulp/paper pro-
duction, improved animal feed digestibility, as well as better
lignocellulosic feedstocks for biofuel/bioethanol production.
In most cases, however, reductions in lignin content are
accompanied by (presumably unintended) pleiotropic conse-
quences, i.e. such as stunted growth of the resulting pheno-
types (Patten et al., 2005; Laskar et al., 2006), and/or in
weakened vasculature/weakened stem strengths (see
Anterola and Lewis, 2002 for examples). Such effects serve to
remind that the general understanding of the physiology and
metabolism of plants—particularly, as regards formation of
various lignified and unlignified cell wall types—is still
severely lacking (for example, see Davin and Lewis, 2005).

One of the species of current agronomic interest is alfalfa
(Medicago sativa 1..), a major forage crop of high nutritional
feed value with an important role in soil nitrogen recycling. In
this study, therefore, we examined the effects of modulation
of p-coumarate-3-hydroxylase (pC3H) gene expression in
this species, in terms of not only lignin deposition but also the
effects on overall stem vasculature properties and architec-
ture. This enzymatic step was discovered by Heller and Kiihnl
(1985) using parsley (Petroselinum crispum) cell suspension
cultures, with p-coumaryl shikimate being its substrate and
not p-coumaric acid (FIGS. 17A, B). The encoding gene in
Arabidopsis thaliana was later described by Schoch et al.
(2001).

Inthis Example, applicants disclose that formation of reac-
tion (tension) tissue occurs in wild type (WT) alfalfa (desig-
nated WT C-1) and whose amounts have also apparently
increased in the pC3H down-regulated line (e.g. pC3H-I), as
did the overall xylem volume. Yet, in spite of the greatly
reduced lignin content (~64%), there were apparently no
significant differences between both lines in terms of material
strength properties (i.e. as shown by tensile dynamic modulus
testing) of young developing alfalfa branches. It is thus pro-
posed that formation of reaction tissue may be increased in
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alfalfa and other angiosperms when the overall vasculature is
weakened through reducing lignin content(s). This can then
serve as a compensatory mechanism in order to attempt to
maintain needed biophysical/biomechanical properties of the
overall vasculature, which would otherwise be weakened.
Materials and Methods:

Plant tissue. Transgenic alfalfa lines were generated by
Reddy et al. (2005), with samples of all alfalfa (Medicago
sativa 1.) lines, WT (control, WT C-1) and pC3H down-
regulated transgenic lines maintained and vegetatively-
propagated in Washington State University greenhouses.
Growing conditions included a light intensity of ~150 mmol
m~2 s~! with a 15 h light/9 h dark cycle at 21 and 16° C.,
respectively, and a humidity range of 20 to 35%. Young (~4
years of age) black cottonwood trees (Populus balsamifera
ssp. trichocarpa (Torr. et A. Gray) Brayshaw) were grown
outdoors on the Washington State University campus with
branches of ~1 cm in diameter collected for microscopy
analyses.

Lignin analyses. Acetyl bromide and thioacidolysis analy-
ses were carried out as described in Patten et al. (2005) using
3 or more (vegetatively-propagated) plants per line.

Dynamic mechanical analyses (modulus of elasticity). For
each WT C-1 and pC3H-I alfalfa line, following 3 weeks of
growth after cut-back, 3 branches were collected, each from
individual plants. Internodes 2, 5 and 8 (numbered starting
from the apical end of the branch) were individually sampled
at ~25 mm in length. Specimens of internode segments were
tested in the tension mode using a TRITEC 2000 Dynamic
Mechanical Analyzer (Triton Technology Ltd., Nottingham-
shire, UK). The specimen free length was 10 mm and the
diameter ranged from 1 to 1.7 mm. The test consisted of a
dynamic strain sweep in the linear viscoelastic range from
0.003% to 0.03% performed at a frequency 0f 0.5 Hzand at a
constant temperature of 30+1° C. To evaluate significant dif-
ferences in dynamic moduli, the storage (E') and loss (E")
modulus of each sample was recorded at a 0.02% strain level
and the data compared with a paired t-test.

Growth measurements. Alfalfa WT C-1 and pC3H-I lines
were used for statistical analyses, where each line had 2 plants
with 8 weeks of growth after cut-back. All plants within each
alfalfa line were vegetatively-derived from self-stock.
Branches (not individual plants) were chosen as the experi-
mental unit because they represent the greatest variability
within these lines as well as comprising the key component of
aerial growth in alfalfa in general. Thus sampling was made
collectively from plants within a given line with a total of ten
crown bud-derived branches (N=10) sampled from each of
the WT C-1 and pC3H-I lines. Since alfalfa branch growth is
rapid and pC3H-I lags in flower development by at least 5
weeks relative to WT C-1 (see also Reddy et al., 2005),
branches at an equivalent maturity (8 weeks) were selected
based on the presence of flower buds/flowers, so as to avoid
young or axillary branches less than 8 weeks of age. The
number of internodes (stem regions between leaves) and the
lengths of each internode were next recorded with hand-cut
sections being immediately harvested. Total stem lengths,
individual internode lengths, and numbers of internodes were
recorded with means and standard errors (SE) calculated and
analyzed by t-test (¢=0.05) using Microsoft Excel® soft-
ware.

Lignin histochemistry. For lignin visualization (FIG. 18),
sections were hand-cut from internodes 2, 3, and 8 of 3-week
old branches of both WT C-1 and pC3H-I lines. Wiesner
reagent (phloroglucinol-HCI) was employed to detect lignin
(in general), whereas the Maule reagent was used to localize
S lignin (Patten et al., 2005).
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Gelatinous fiber histochemistry. For gelatinous fiber (gf)
visualization, zinc chloro-iodide (Herzberg reagent) (Scurf-
ield, 1972; Grzeskowiak et al., 1996) was employed. For
imaging at lower magnifications, fresh hand-cut sections
from internode (IN) 2 to the most basal internode, (plants 8
weeks of age), were imaged within 20 minutes of reagent
application. Gelatinous layers within fibers were identified by
a red-purple coloration, in contrast to the orange-brown col-
oration of surrounding (and presumably lignified) fiber cell
walls (after Scurfield, 1972).

Additionally, zinc chloro-iodide was used as part of a com-
parative study i.e. with a single mature internode (IN20) from
both lines, as well as from a branch of black cottonwood.
Safranin O and astra blue staining (Srebotnik and Messner,
1994; Vazquez-Cooz and Meyer, 2002) were also utilized, to
confirm further the zinc chloro-iodide visualization results, as
well as phloroglucinol-HCI to correlate with lignification
(described above). The comparative study employed serial
cryosections (~10 microns in thickness) obtained from fresh
frozen tissues cut on a Reichert-Jung Cryocut 1800 cryomi-
crotome (Leica Microsystems, Deerfield, Ill., USA). Light
micrographs were recorded using an Olympus BH-2 light
microscope equipped with a ProgRes C12plus digital camera
(JENOPTIK, Jena, Germany).

Gelatinous fiber occurrence and distribution. Hand-cut
internodal (IN) sections (475 sections) were prepared from
IN2 to the most basal internode of each branch (N=10), for
each alfalfa line (as for growth measurements). These were
then scored for the presence of gelatinous fibers (gf) and
non-gelatinous thick-walled fibers (tf), respectively, in pri-
mary and secondary reaction tissues using zinc chloro-iodide
for visualization (Scurfield, 1972) (see histochemistry sec-
tion). The sections (>1000) were imaged in detail at several
magnifications using light microscopy as described above.
Following scoring for the presence of xylary gf or tf cells, the
respective means were statistically analyzed by Students
t-testing. Images of sections from IN5 (i.e. earliest internode
found to have gf cells in either line) to the most basal intern-
ode of each branch (10 branches per line) were individually
measured for total xylem and total gf cell areas using Imagel
software (Rasband, 1997), with respective values also com-
pared statistically by Students t-testing. The extent of tf cell
formation was not examined because it was not possible to
resolve tf from normal fiber cells at the low magnification
required to accurately measure area; zinc chloro-iodide (and
safranin O/astra blue) staining do not differentiate between tf
and normal fiber cells.

Cell wall ultrastructure. Identification of reaction vs. nor-
mal cell types was further confirmed using transmission elec-
tron microscopy (TEM). Samples were harvested from a
mature internode (IN20) from both WT C-1 and pC3H-I
lines, as well as from branch tissue of black cottonwood as a
control. Tissues (=5 mm?) were fixed in 2% paraformalde-
hyde and 1.25% glutaraldehyde in 50 mm Pipes buffer (pH
7.2) overnight at 4° C. Samples were dehydrated using a
standard ethanol series, gradually infiltrated with L.R. White
resin (London Resin Co., Reading, UK) and heat cured. Thin
sections were obtained using a diamond knife mounted to a
Reichert Ultracut R ultramicrotome (Reichert-Jung GmbH,
Heidelberg, Germany) with sections then mounted on form-
var-coated 200-mesh nickel grids. Sections were stained with
a 3:1 dilution of 4% (w/v) uranyl acetate and 1% (w/v)
KMnO,, with samples observed at 100 kV using a JEOL
JEM-1200 EX transmission electron microscope (JEOL,
Tokyo, Japan).
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Results:

Measurement of branch growth/internode elongation.
Branches (N=10) were measured following 8 weeks of
growth after cut-back. No significant difference was found (p
>(0.05) between the total stem lengths and total numbers of
internodes for the two alfalfa lines (TABLE 3 and total inter-
node (IN) numbers higher in pC3H-I than in WT C-1. In turn,
the mean internode length for pC3H-1 was significantly
shorter (p<0.05), i.e. 3.17+£0.15 cm vs. that of WT C-1
(3.76+0.14 cm). To examine this further, the single longest
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lignin of plant tissues. Although frequently referenced as
coniferyl aldehyde specific (e.g. by Sarkanen and Ludwig,
1971), the reagent reacts with all three p-hydroxycinnamyl
aldehydes (Pomar et al., 2002; Jourdes et al., 2007a). By
contrast, the Méule reagent is considered specific, and is
employed to differentiate between (apparent) S moieties from
the H and G components (red vs. brown coloration, respec-
tively) (liyama and Pant, 1988; Nakano and Meshitsuka,
1992; Patten et al., 2005). Since both reagents give only
temporary visualization of color, images were recorded
within 20 minutes of reagent application.

TABLE 4

Estimated lignin contents and monomeric compositions for alfalfa WT C-1 and pC3H-I lines.

AcBr Lignin* Lignin-derived monomers released through thioacidolysis (umoles/g CWR)
(% CWR) H G S H+G+S H:G:S ratio
C-1 IN2 8.7+04 44 +05 47023 9.8+0.4 61.2+3.1 10:107:22
IN3 17.1 £0.1 123 +21 1354 £5.1 51.8+1.6 199.5+ 6.2 10:110:42
IN 8§ 26.1+0.7 11.1+1.1 2544 +6.3 1153 £3.1 380.8 £ 8.2 10:229:104
pC3H-I IN2 5502 6.2 +0.5 3.7+0.5 0.3+0.1 102+ 1.1 10:6:0.5
IN3 7.1+0.1 14.6 + 2.1 63+14 1.7£0.2 22.6+3.1 10:43:1.2
IN 8§ 9.4 +0.1 31.9%2.1 11.0+1.0 5.6+0.5 48.5+3.6 10:3.5:1.8

Notes:

*AcBr lignin = estimated acetyl bromide solubilized lignin content; thioacidolysis: estimation of monomeric compositions andreleasable
amounts in lignins; IN = internode number (from branch apex); CWR = cell wall residue.

internode in each stem (as a “standard” for growth potential)
was selected and both lines were again compared; the pC3H-I
line had a significantly shorter “longest” internode
(7.03£0.35 cm) than WT C-1 (8.05£0.36 cm) (p<0.05) (Table
3).

TABLE 3

Comparison of gross phenotypic differences between
alfalfa WT C-1 and down-regulated pC3H-I lines.

C-1 pC3H-I P value
Parameter Mean = SE Mean = SE (*p = 0.05)
Branch length (cm) 85.95 £1.34 77.88 = 1.31 0.159
IN (internode) number 22.9 £0.60 24.6 £0.69 0.188
per branch
Average IN length per 3.76 £0.14 3.17 £0.15 0.005%*
branch (cm)
Single longest IN per 8.05+0.36 7.03 £0.35 0.042*
branch (cm)

Notes:

N = 10 branches for both lines;
IN, internode;

P, probability;

SE, standard error;

asterisks denote probability <0.05.

Lignin deposition patterns. Plants aged 3 weeks following
cut-back were sampled from both lines, with samples repre-
senting 3 stages of growth: early primary xylem development
with no interfascicular fiber development (IN2), development
of primary interfascicular fibers (IN3), and secondary growth
(IN8), respectively. Chemical analyses (TABLE 4) included
both estimations of acetyl bromide (AcBr) lignin contents
and monomeric (H, G, S) compositions, as determined by
thioacidolysis degradation (described in Patten et al., 2005).
Histochemical analyses employed hand-cut sections treated
with either Wiesner or Méule reagent in order to localize
patterns of presumed lignin deposition (Patten et al., 2005).
Historically, the Wiesner reagent (phloroglucinol-HCl) is
employed as a general stain (pink to red coloration) to detect
p-hydroxycinnamyl aldehyde end-groups in macromolecular
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WT alfalfa lignin analyses. Histochemical analyses indi-
cated that the earliest phase of lignification (IN2) occurred in
the primary xylem (px) of the WT C-1 line. It is apparently
limited to either H- and/or H/G-lignin deposition, as sug-
gested by Wiesner (pink-red coloration; FIG. 18A) and Méaule
(golden-brown coloration; FIG. 18G) reagents, respectively.
This is supported by the lignin chemical analyses, which gave
an overall estimated content of ~8.7% lignin, largely of G
character, with smaller amounts of H and S moieties (H:G:S
ratio of 10:107:22, TABLE 4. Slightly later in development of
the WT C-1 vascular tissue (IN3), the cambium (ca) has
formed a contiguous circumferential band of cells (FIG.
19B), and lignification has apparently extended throughout
the pr (i.e. primary medullary or interfascicular ray tissue),
and is initiated in the phloem fibers (pf, phloroglucinol-HCl,
red coloration, FIG. 18B). This phase of lignification now
also apparently involves some detectable S lignin deposition,
in at least the pr (Mé4ule reagent, light to dark red coloration,
FIG. 18H). Again, this is supported by the chemical analyses,
which indicated the overall lignin content had essentially
doubled (to ~17%), with the S content increased about 5 fold
overall and with an H:G:S ratio of 10:110:42.

With further development (IN), the WT C-1 line extends
its lignification throughout the pr, sxr, and pf cells, as well as
being very faintly stained in the pith, pi (phloroglucinol-HCI,
red coloration, FIG. 18C). Using differential Méule staining,
the xylem cells of both the pr and the sxr appeared to contain
H and/or H/G moieties (brown coloration), while fiber cells of
pr, sxr and pf apparently also had S-containing lignins (dark
red coloration) (FIG. 181). This interpretation was supported
further by chemical analyses, with overall lignin amounts
(~26.1%) now being close to those of maturation levels, and
where the H:G:S ratio 10:229:104 was mainly indicative of
differential increases in G and S deposition (TABLE 4).

pC3H-I alfalfa lignin analyses. Lignification of px in IN2
of pC3H-1 was again mainly of H- or H-/G-type character, as
visualized by use of phloroglucinol-HCI (pink-red colora-
tion, FIG. 14D), but not of S- since the Méule reaction stain-
ing gave a brown (rather than red) coloration (FIG. 14J). This
interpretation was also supported by chemical analyses,
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which indicated a slightly lower AcBr lignin content of
~5.5% (vs. ~8.7% in WT C-1) (Table 2). Moreover, the pre-
sumably H-lignin derived releasable monomeric moieties
were only slightly increased relative to WT C-1, whereas the
G/S amounts had decreased by at least an order of magnitude
(H:G:S ratio 0f 10:6:0.5). Taken together, these observations
appear thus to be in harmony with the initial phase of H-lignin
deposition being generally unaffected by pC3H down-regu-
lation as anticipated (Anterola and Lewis, 2002). Deposition
of S-lignin within the pr of IN3 occurs as in WT C-1 (Méule
reagent, light red coloration, FIGS. 14K and H, respectively)
and corresponds well to the chemical analyses with lignin
contents having increased slightly (~7.1%) with an H:G:S
ratio now of 10:4.3:1.2 (TABLE 4).

At IN8, and like WT C-1 (FIG. 18C), the transgenic line
(FIG. 18F) displayed an apparently uniform deposition of H-
and/or H/G-lignins in the pr, sxr and pf, as well as a faint
staining again in the pi as indicated by positive Wiesner
reagent staining. However, the Méaule reagent only gave
intense S-lignin staining in the pr cell walls, as evidenced by
the distinctive red band adjacent to the pi (FIG. 18L), which
had been initiated previously (FIG. 18K). By comparison, a
lighter and more uneven coloration of the sxr occurred, this
being interpreted as indicative of a very limited S lignin
deposition. The pi also appeared to have a similar pattern of
faint staining relative to that of WT C-1. Chemical analyses,
in turn, indicated that the lignin contents were now ~9.4%,
thereby reflecting a very large decrease in overall lignin
amount when compared to WT C-1 levels (~26. 1%) (TABLE
4). Likewise, thioacidolysis analyses again established that
while the H-monomeric component dominated, there were,
however, small increases in both G and S contents as well
(H:G:S ratio 0f 10:3.5:1.8). These data, when taken together,
demonstrate that pC3H-I is, nevertheless, forming small
amounts of a primarily H-type lignin during growth/develop-
ment.

Estimation of alfalfa branch tensile dynamic moduli. The
tensile dynamic moduli, storage and loss moduli, were deter-
mined for both lines. The storage and loss moduli represent
the elastic and viscous components of the material properties,
respectively, and as such provide a measure of viscoelastic
behavior. Branch internodes were harvested at 3 weeks (post
cut-back), with these representing: early primary xylem
development (with little to no fiber development), IN2; where
internode elongation is thought to end and secondary growth
begins, INS (Vallet et al., 1998); and where there is a large
volume of lignified secondary xylem growth, INS.

Dynamic moduli determinations were thus made in tripli-
cate for each internode of both lines and with reasonably good
reproducibility (see FIG. 19 for example using p-C3H-I).
That is, there was a marked increase observed in storage (E')
and loss (E") moduli with internode development/maturation
for both lines, indicative of enhanced material properties
(FIG. 20). Upon Students t-test comparison of data collected
(p values=0.267, 0.116, and 0.810 for internodes 2, 5 and 8,
respectively), however, no significant difference in the stor-
age modulus (E') was detected between lines WT C-1 and
pC3H-I. Similarly, no significant difference in the loss modu-
lus (E") was detected between both lines (p values=0.979 and
0.225 for internodes 2 and 8, respectively) except for intern-
ode 5 (p value=0.006) (FIG. 20). Apparently, at internode 5,
the pC3H-I branch material has a higher loss modulus than
that of WT C-1, but whether this particular difference is an
artifact resulting from the small number of replicates or is a
significant difference was not investigated further. In any
case, the overall data suggested that despite a range in lignin
reduction (i.e. ~37% to 64% in IN2 and INS, respectively,
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relative to WT C-1 levels), the pC3H-I line was capable of
maintaining comparable storage and loss tensile modulus
properties to that of WT values. As described below, an expla-
nation for these observations was then needed to be identi-
fied/rationalized.

Reaction tissue histochemistry. Zinc chloro-iodide is one
of several reagents used to detect reaction tissue (Scurfield,
1972) and was employed as the primary histochemical stain
in this study. This dye can yield variable results because it
does not react directly with cell wall bound molecules (such
as aldehydes in the manner of phloroglucinol-HCL or the
Maule reagent), but instead intercalates into the cell wall,
which can vary in structure and therefore differentially
exclude the dye (Grzeskowiak et al., 1996). This is especially
true of transitional cells, which may have variable numbers of
secondary cell walls and which were also previously
observed to have quite variable histochemical properties
when stained with zinc chloro-iodide (Scurfield, 1972; Grz-
eskowiak et al., 1996). As such, Scurfield (1972) generally
described the G-layer of Eucalyptus ssp. as having a ‘purple-
red’ coloration (with surrounding walls colored yellow) while
the general coloration of transitional cells appeared ‘yellow-
ish-red’, albeit with variability in coloration corresponding to
variable cell structure. Grzeskowiak et al. (1996) also
observed a red-purple coloration in the G-layers of Populus
with the normal cells being yellow. Applicants followed these
observations for our interpretation of staining alfalfa reaction
tissues.

Using hand-cut internodal sections made from ten
branches of both lines, three interesting observations were
made following zinc chloro-iodide staining (FIGS. 21 and
22). First, many of the sections examined stained positively
for gelatinous fiber (gf) presence as noted in FIGS. 21C, Eand
G (for INS and 7), with this being even more pronounced in
older internodes (e.g. IN20; FIG. 22A, D). Secondly, the
branch tissues could be visually separated into xylary tissues
having either red-purple stained gf or tissues which stained
yellow to orange and lacked gf cells (normal/transitional tis-
sues). Thirdly, both plant lines formed thick-walled fibers (tf),
which were physically similar to gf cells, but stained entirely
orange to yellow and were restricted to secondary growth (see
FIGS. 21E-H and 6], M).

Primary and secondary reaction tissues. Using the zinc
chloro-iodide reagent, the presence or absence of xylary gf
cells could be resolved by internode and by tissue type (pri-
mary vs. secondary), with the respective calculated means
and standard errors compared by Students t-test. As the reac-
tion response has been reported to occur earlier in phloem
than in xylem (Scurfield and Wardrop, 1962), the detection of
presumed reaction phloem fibers (rpf) cells (Scurfield and
Wardrop, 1962; Wardrop, 1964; Coté et al., 1969) allowed for
facile identification of reaction tissue in even the youngest
internodes lacking gf cells (for example, IN5 in WT C-1,
FIGS. 21A vs. B, for rpf vs. normal pf, respectively). Addi-
tionally, xylem region gf cells were found to occur signifi-
cantly (p<0.05) earlier in the primary tissue of the pC3H-I
line relative to WT C-1, i.e. the reaction tissue had developed
by IN5 (mean: 4.70+0.47) in the primary ray tissue of pC3H-
1, whereas it occurred later at IN7 (6.70+0.62) in WT C-1 (for
examples, see FIGS. 21E vs. 21C, respectively). Results for
the secondary reaction tissue were also statistically signifi-
cant (p<0.05), with gf cells appearing by IN5 (5.5+0.40) in
pC3H-1 and by IN7 (7.5£0.65) in WT C-1.

Primary and secondary transitional and normal tissues.
Fiber cells (f) of the normal primary tissues of both lines
appeared yellow to orange and lacked any detectable G-layers
‘proper’ (i.e. red/purple in color; FIGS. 21B, D, F, and H). It
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should be noted that while gf cells were absent, the primary
ray tissue in the early internodes (i.e. IN3-5) of both lines still
stained a uniform red to orange (for example, see pr of IN5S
WT C-1, FIGS. 21A, B). This primary ray coloration is likely
due to the low lignin contents of the early internodes and was
scored as a negative, unless obvious gf cells were present.

Presumed transitional tissues frequently occurred in which
gt cells had a typical dark inner layer, and light yellow outer
layers (gf in sr, FIG. 21G). Transitional tissues are known to
be highly variable (Scurfield and Wardrop, 1963) and may
include tf cells as well.

Moreover, thick-walled fibers (tf) were considered here to
comprise transitional tissues in alfalfa, due to their swollen
inner walls (similar to gf cells), but stained orange to yellow
(as in normal tissues). Additionally, formation of tf cells
occurs first in close proximity to gf cells ‘proper’ and then
extends further around the stem with internode maturity.
Interestingly, scoring of tf cells showed the greatest differen-
tial (p<0.05) between the lines, with tf cells appearing by INS
(5.90+0.35) in the pC3H-I line (for example, FIG. 21E) and
later at IN12 (12.50+1.81) for WT C-1 (data not shown).

Comparisons of reaction versus lignin histochemistry.
Serial sections were obtained from mature reaction and nor-
mal tissues (IN20) of both alfalfa lines and from reaction and
normal branch tissue of black cottonwood (Populus balsam-
ifera ssp. trichocarpa). The latter was used as a positive
control, since cottonwoods are well known to form gf cells
(Kaeiser and Boyce, 1965; Coté et al., 1969; Isebrands and
Bensend, 1972).

G-layer. Upon staining with zinc chloro-iodide, the G-lay-
ers within gf cells in cottonwood were readily observed as
red-brown in color amid a background of orange cell walls
(FIG. 18G), as well as in IN20 of the WT C-1 (FIG. 22A) and
pC3H-I (FIG. 22D) lines. These results were further con-
firmed by the use of safranin O and astra blue staining. Using
this approach, the G-layers appeared blue against a pink-red
background in all samples examined (FIGS. 22B, E, H).
Lignin was next localized in the serial sections by use of
phloroglucinol-HCI as before to compare with the above
observations, and was detected as a pale pink color since thin
(10 pm) serial sections were used. In all samples, and as
expected, there was little to no pink coloration in the G-layer,
indicating little to no lignin being present (FIGS. 22C, F, I).
By contrast, the surrounding cell walls appeared faint pink in
color, indicative of the presence of lignified elements.

Transitional and normal tissues. Interestingly, a few gf
cells observed in cottonwood (FIG. 18G) and the WT C-1 line
(inset, FIG. 22A) displayed a thin orange coloration internal
to the G-layer, almost like an inner membrane (G,,,). Similar
cells (G,,,) were also observed in older internodes (~>IN20) in
sections from the pC3H-I line (data not shown) and are
believed to represent part of the transitional tissue.

On the other hand, thick-walled fibers (tf) in the case of
both alfalfa lines appear to have histochemistry closer to
normal cells than to the G,,,. These were therefore compared
in serial section to normal fibers (f) of cottonwood. In the
alfalfa tf and the cottonwood f; G-layers (of reaction wood
‘proper’) were considered to be absent as evidenced by the
lack of a red to purple-brown coloration using zinc chloro-
iodide staining (FIGS. 22J, M, P), or characteristic blue cell
wall layers by safranin O and astra blue double staining
(FIGS. 22K, N, Q). There was, however, a small amount of
blue coloration around the lumens of'the tf'in the pC3H-I line
(FIG. 22N), which provisionally may reflect either decreased
lignification or a minor artifact of double staining. In any
case, there were no G-layers (as in reaction wood ‘proper’)
observable in the tfofthis line or in the other samples. Finally,
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phloroglucinol-HCI histochemistry was found to be similar
among all plant samples with tf, wherein pink coloration,
indicative of lignification, was present throughout the cell
walls (FIGS. 22L, O, R).

Quantification of xylem and xylem reaction tissue areas.
Images (of the sections above) were digitally measured using
Imagel software as described in the Materials and Methods.
Images of internodes 2 to 4 were excluded since they gener-
ally lack gf cells. It was calculated that the pC3H-I line
formed significantly (p<0.05) larger amounts of both reaction
(0.436+0.07 mm>vs. 0.275+0.05 mm?) and total xylem tissue
(1.95+0.18 mm? vs. 1.4320.15 mm?) than WT C-1 (TABLE
5).

TABLE 5
Comparison of average total areas for xylem region and for xylem
reaction tissues (with gelatinous fibers, gf) between alfalfa WT C-1
and pC3H-I lines. Samples were collected from internodes 5
(i.e. 1 reported occurrence of gf) to the basal most internode
for 10 branches from each line.
C-1 pC3H-I P value
Parameter Mean + SE Mean= SE  (*p =0.05)
Average xylem area per 143 £0.15 1.95+0.18 0.020%*
branch (mm?)
Average xylem reaction area 0.275 £0.05 0.436 £0.07 0.034*

per branch (mm?)

Notes:

N = 10 branches for both lines;

P, probability;

SE, standard error; asterisks denote probability <0.05;

thick-walled fiber cell regions were not measured due to staining characteristics being

indistinguishable from normal fiber cell regions at low magnification.

Cell wall ultrastructure. Samples were collected as for the
comparative histochemical analyses using both alfalfa and
black cottonwood, but processed for TEM analyses. Three
cell types: gelatinous fibers (gf), normal fibers (f), and vessels
(v) were compared to each other and among plant lines (FIG.
23).

Gelatinous fibers. The data so obtained with these sections
correlated very well with previous reports on ultrastructure of
gt cells. For cottonwood gf cells, it was readily possible to
observe relatively thin S, and S, secondary layers, along with
the characteristic thick G-layer (FIG. 23F). Likewise, gf cells
in both the WT C-1 (FIG. 23D) and pC3H-I (FIG. 23A) lines
were constructed of the same number and type of cell wall
layers (S;, S,, and G) with the G-layer appearing thickest as
noted above for cottonwood. Moreover, the characteristically
uneven inner ‘warty’ layer (after Isebrands and Bensend,
1972) was also clearly visible in each line/species examined
(black arrowheads, FIGS. 23A, D, F).

It should be noted, however, that the thickness of the
G-layer was variable even among adjacent fiber cells within
each plant line and species examined (data not shown), in
agreement with previous reports of such variability (Coté et
al., 1969; Isebrands and Bensend, 1972). Furthermore, all
three samples displayed the characteristic (preparation) arti-
facts of G-layers, involving a slight detachment from the S,
subwall layer (double arrowheads, FIG. 23 A) and tissue fold-
ing upon interaction with grid coating (seen as a black line in
the G-layer, FIGS. 23A, D, F); such artifacts related to
G-layer analysis have been reported on numerous occasions
(Coté et al., 1969; Clair et al., 2005).

‘Normal’ fibers. By contrast, the normal tissue fibers (f) of
all plant lines/species examined had the expected 3 secondary
subwall layers, (S, S,, and S;); (FIGS. 23B, G), which were
also of variable thickness. A thick-walled fiber (to cell is also
clearly visible in the WT C-1 (FIG. 23E).
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Vessels. Finally, vessel elements were imaged from the
same sections/grids to confirm that secondary tissue was
examined and to compare with fiber cells for cell wall struc-
ture. The vessels (v) in all lines/species displayed the
expected secondary cell wall architecture, including 3 ligni-
fied subwall layers, S|, S,, S; (v, FIG. 23C, E, H). Addition-
ally, the vessels stained more intensely than the fiber cell
walls, especially in S,, presumably due to differential lignin
content/compositions of these cell wall types (for example,
see FIG. 23H).

Other general characteristics of reaction tissue in alfalfa.
Besides the gf ‘proper’ (which may or may not be present in
some species), other characteristics of reaction wood were
considered.

Spiral patterning of reaction tissue. It was noted that older
branch internodes (e.g. >IN12) of both alfalfa lines also con-
tained reaction tissue that occurred in spiral/banded patterns
(data not shown). These patterns extended to being nearly
circumferential in the woody crown tissue of both lines. Such
patterns are likely related to the rapid growth and the subse-
quent tensile stress gradient thus generated around the stems
in both lines during growth and development, with more
stresses experienced/perceived by the pC3H down-regulated
line due to its reduced lignin content. Spiral reaction wood
patterns have also been observed for saplings and rapidly
growing trees (reviewed in Barnett and Jeronimidis, 2003).

Variable eccentric growth. Since eccentric growth (i.e.
larger radius) is frequently found on the upper side (tension
wood) of branches of tree species (Wardrop, 1964), it was
instructive to ascertain if similar histology occurred in alfalfa
branches. Interestingly, while some branch samples dis-
played a larger radius where gf cells occurred, others either
lacked eccentric growth (but had reaction tissue) or had elon-
gated eccentric growth that only somewhat correlated to spi-
ral patterned reaction tissue (data not shown). Given the vari-
ability noted, however, with the data obtained, eccentric
growth was considered to be an unreliable character of reac-
tion tissue in alfalfa. This is consistent with previous obser-
vations that herbaceous species do not usually form eccentric
growth in relation to reaction tissue (Wardrop, 1964).
Example Discussion:

pC3H is involved in regulation of carbon flux into the G and
S segments during macromolecular lignin assembly (An-
terola and Lewis, 2002, Anterola et al., 2002). Reduction of
pC3H activity would thus be expected to result in formation
of a lignin-reduced phenotype, albeit largely derived from
p-hydroxycinnamyl alcohol (H) moieties. This is because it is
very well-documented that the H-phase of lignification pre-
cedes deposition of both G and S moieties (Fergus and Gor-
ing, 1970a, b; Whiting and Goring, 1982; Terashima and
Fukushima, 1988; Fukushima and Terashima, 1991). Indeed,
as expected, the net effect of down-regulating (or mutating)
pC3H in A. thaliana results in a depleted lignin phenotype
(~64% lignin reduction relative to WT at maturation; Jourdes
et al., 2007a) and largely containing H-units. However, this
plant line was also severely dwarfed due to unknown ‘pleio-
tropic’ effects, and its vascular apparatus was greatly
impaired (Jourdes et al., 2007a, see also Franke et al., 2002).

In the case of alfalfa, 11 lines down-regulated in pC3H
activity were generated of which line pC3H-I was selected for
further study, as it had overall the lowest lignin content
(~9.4%) relative to that of WT (WT C-1, 26.1%), i.e. corre-
sponding to a circa 64% reduction in lignin amounts. More-
over, pC3H-I predictably had greatly reduced S/G levels in
the lignin formed, such that the lignin was mainly of H-char-
acter. It is likely that the effects of this genetic manipulation,
which resulted in reduced carbon flux/altered lignin compo-
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sition/reduced lignin content, are continually perceived and
responded to during pC3H-1 growth/development, i.e. ulti-
mately resulting in global gene expression changes. That is,
lacking an ability to preferentially form vascular tissues with
normal lignin content/composition (as for the WT C-1 line),
the pC3H-I stem vascular apparatus developmental processes
were altered. In fact, relative to WT C-1, the pC3H-I line
displayed delayed flowering (by ~5 weeks) (FIG. 24).

Differential patterns of internode elongation. Alfalfa inter-
node length and tissue development is highly variable (Engels
and Jung, 1998) and as such 10 branches per line were
sampled to allow for statistical comparisons. It was thus
found that the average internode length among sampled
branches of pC3H-1was shorter than that of WT C-1 (TABLE
3). Since internode elongation is a feature of primary (and not
secondary) growth, it follows that pC3H-I begins secondary
growth earlier than WT C-I. This may in part account for why
pC3H-I forms gf and tf cells earlier than WT C-1 and also
forms more xylem tissue and xylem reaction tissues (with gf
cells). Interestingly, early cessation of internode elongation is
well-documented in numerous angiosperm species in
response to mechanical challenges, such as controlled bend-
ing, shaking or brushing (Mitchell, 1996: Garner and Bjork-
man, 1997, 1999; Coutand and Moulia, 2000; Coutand et al.,
2000). Perhaps this apparent reduction in internodal elonga-
tion is also induced by perception of potential weakening of
the overall vascular apparatus through the reduction in lignin
content.

Differential patterns of lignin deposition. One noteworthy
difference in histochemical staining for lignin was found
between the alfalfa lines and suggested that reduction of
lignin content in pC3H-I was more specific to secondary
growth (FIG. 18).

While the reasons for the apparent qualitative histochemi-
cal differences in S-lignin deposition between the pr/pf and
the sxr region of pC3H-I remain to be established, one pos-
sibility is that deposition is differentially regulated between
primary and secondary growth in alfalfa. Itis well-known that
the deposition of specific lignin types is regulated both spa-
tially (i.e. by tissue, cell and cell wall type) and temporally
(e.g. in the order: HG in xylem/vessels, HGS in angiosperm
fibers). On the other hand, we have not ruled out the possi-
bility that observed differences in patterns of lignin deposi-
tion may be due to specific promoter (artifact) effects intro-
duced by use of the heterologous pal2 bean promoter. These
observations thus again underscore the complexity of study-
ing lignification proper in planta.

Material properties of alfalfa. In terms of physiological
function, reaction (tension) woody tissue formation provides
a mechanism to respond to changes in perceived longitudinal
stress (see Pilate et al., 2004), i.e. via formation of G-layers
(within the gf) which apparently lack lignin (Norberg and
Meier, 1966; Coté et al., 1969). These include structural
stresses, such as axial displacement (bending) (Wardrop,
1964; Scurfield, 1973; Barnett and Jeronimidis, 2003), inter-
nal axial stresses (i.e. rapidly growing upright stems) (Ise-
brands and Bensend, 1972; Fisher and Stevenson, 1981; Bar-
nett and Jeronimidis, 2003), as well as those introduced by the
twining habit of some vines (Meloche and Vaughn, 2006).
Given the mechanical support provided by this tissue type,
angiosperm reaction tissues are also known to be cellulose-
rich/lignin deficient.

Interestingly, numerous genetically modified plant lines,
altered in lignin content/composition, have been shown to
possess weaker stems and a weaker vascular integrity than the
corresponding WT lines (reviewed by Anterola and Lewis,
2002). For instance, a transgenic tobacco line, down-regu-
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lated in cinnamyl alcohol dehydrogenase (CAD) activity, had
alower longitudinal tensile modulus than WT (Hepworth and
Vincent, 1998). Additionally, a double mutation (knockout)
of CAD genes in A. thaliana resulted in an extensively
depleted lignin phenotype, with a tendency for the stems to
become prostrate (Sibout et al., 2005; Jourdes et al., 2007b).
The stem sections, however, were also significantly reduced
in storage tensile modulus (Jourdes et al., 2007b), in keeping
with the observed phenotype.

Thus, the comparable tensile dynamic moduli observed for
both WT and the pC3H-I down-regulated line suggests that a
compensatory mechanism is in effect to attempt to maintain
the needed structural properties. That is, the increased forma-
tion of gf and tf cells in the pC3H-I line may in part compen-
sate for the decreased lignin contents, and thus in offsetting
decreased structural support/vascular integrity which would
otherwise result. However, any correlation such as being pro-
posed herein, will require detailed analyses of various lines
containing different amounts of lignin (i.e. intermediary
between WT and the pC3H-I line) to establish what correla-
tions with anatomical changes can be made.

Reaction tissue. Woody plants have a mechanism for con-
trolling both branch orientation and restoration of vertical
alignment when stems are displaced from the (normal) verti-
cal alignment. In both gymnosperms and angiosperms, this
mechanism leads to formation of various tissues, collectively
referred to as ‘reaction wood’, and which are frequently sepa-
rated from normal wood by so-called ‘transitional’ wood
(with intermediate characteristics). In gymnosperms, reac-
tion tissue is termed compression wood and contains an
increased H-lignin content (Timell, 1986; Fukushima and
Terashima, 1991). While this has often been considered to
result from differences in gravity perception (i.e. via signal-
ing and transduction), this process can be duplicated in micro-
gravity through mechanical bending (Kwon et al., 2001). It is
poorly understood though how these (stress) signals are per-
ceived and how the signal cascade is transduced leading to
reaction tissue formation.

Woody angiosperms have a quite distinct, but somewhat
complementary, mechanism leading to another form of reac-
tion tissue known as tension wood. In general, it is character-
ized by much lower lignin contents, as well as reduced num-
bers and diameter of vessel elements present (Wardrop, 1964;
Kucera and Philipson, 1977). However, other characteristics
of woody angiosperm reaction tissue are highly variable,
including whether gelatinous fibers (gf) and/or eccentric
growth patterns (due to differing radii between upper and
lower sides of the branch) occur (Wardrop, 1964; Kucera and
Philipson, 1977) Nevertheless, the gf cell type has frequently
been used as a diagnostic character of tension wood and is
distinguished by a gelatinous (G-) layer, which has a gel-like
appearance under magnification and often replaces one or
more subwall layers of the fiber secondary cell wall (Ward-
rop, 1964; Carlquist, 2001). Furthermore, the higher tensile
strength and Young’s modulus found in tension wood (rela-
tive to normal wood) (Barnett and Jeronimidis, 2003; Clair et
al., 2003) is thought to be partly due to the high tensile
strength generated by orientation of the cellulose microfibrils
within the G-layer (Yamamoto et al., 1993; Prodhan et al.,
1995). It should also be noted that at least three ‘fiber’ cell
types (tracheids, fiber-tracheids and libriform fibers) occur in
dicotyledons, and which can form G layers under tensile
stress (Carlquist, 2001).

Reaction tissue identification and differential formation in
alfalfa. Gelatinous fibers ‘proper’ were found to stain red-
purple using zinc chloro-iodide in both alfalfa lines as com-
pared to cottonwood reaction tissue in this study and as
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described in previous studies of reaction wood in trees (Scurt-
ield, 1972; Grzeskowiak et al. 1996). Applicants confirmed
the presence of gf cells in alfalfa in the same way using
safranin Ofastra blue and then by comparison of cell wall
ultrastructure to known gf cells of tree species.

With positive identification of reaction tissue in alfalfa
(WT C-1 and the pC3H-I lines), we sought to determine
whether reaction tissue formation in the pC3H-I was more
extensive than that of WT C-1, possibly allowing pC3H-I to
compensate for lost mechanical strength following lignin
down-regulation. Results showed that initiation of gf forma-
tion in pC3H-I begins on average two internodes earlier than
WT C-1 and is possibly related to an apparently earlier ces-
sation of internode elongation (earlier secondary growth) in
the pC3H-I. Additionally, the pC3H-I was shown to form
more total xylem area and more total reaction xylem area than
the WT C-1. These data may help in part explain the phenom-
enological observation of Reddy et al. (2005) that pC3H
down-regulated alfalfa lines appeared to produce higher
amounts of cellulose. It is still not clear whether increased
reaction tissue formation in pC3H-1 is a sole and direct effect
of reduced lignin contents or if there are additional effects
resulting from genetic manipulation. Future work will
address this issue using other transgenic pC3H down-regu-
lated alfalfa lines as indicated above.

Transitional tissue identification and differential formation
in alfalfa. Besides gf cells ‘proper’, small groups of similar
cells with an ‘inner membrane’ (G,,,, FIG. 18) were observed
in tissue of both alfalfa lines and cottonwood. Fibers with a
similar inner membrane have been previously reported and
proposed to be lignified (Scurfield and Wardrop, 1963; Scurf-
ield, 1972; Joseleau et al., 2004; Gierlinger and Schwan-
ninger, 2006). However, Applicants were not able to confirm
lignification of this inner layer by phloroglucinol-HCI stain-
ing. Furthermore, while it was noted that the occurrence of
G,,, was generally uncommon in both alfalfa lines and the
cottonwood sample, the number of G,,, cells increased as
alfalfa tissues became more woody. Such cell types (G,,,,) may
be related to transitional tissue (i.e. between reaction and
normal tissue) (Scurfield and Wardrop, 1963).

Additionally, we observed thick-walled fibers (tf) directly
in contact with gf cells ‘proper’, as well as developing later
throughout the areas of stems lacking gf cells ‘proper’. The tf
cells had a physical appearance similar to the swollen irregu-
larly shaped gf cells, but showing variable staining (orange to
yellow by zinc chloro-iodide), perhaps indicating a cell wall
chemistry intermediate to that of reaction tissue (predomi-
nately red-purple) and normal tissue (yellow). These cells
seem to correspond with Scurfield’s (1972) reports of transi-
tional tissue staining variably with zinc chloro-iodide. He
reasoned that the histochemical variability was probably due
to the variable ultrastructure of such transitional fibers, which
had variable numbers of secondary cell walls in addition to a
G-layer of variable width. Interestingly, preliminary descrip-
tions of xylary tf cells have been reported by Vallet et al.
(1996) and Engels and Jung (1998), but without comment on
their physiological roles or prevalence. It is very likely that
the tf cells comprise transitional tissues, but it is also recog-
nized that the inner cell wall swelling of both gf and tf cells
may be exaggerated due to artifact during sample preparation
(Coté et al., 1969; Clair et al., 2005).

Interestingly, tf cell formation occurred (on average) seven
intemodes later in WT C-1 than in the pC3H-1. Although it
was not possible to accurately calculate the area of tf cells (see
Materials and Methods), the observation that this cell type
occurs so much earlier in pC3H-I indicates that tf cells (tran-
sitional tissues) are induced in the pC3H-I at the same time as
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gt cells. Presumably, WT C-1 possesses enough mechanical
strength to support all but the most basal intemodes of the
branch without if cell formation in addition to gf cells.
Example Summary:

To Applicants’ knowledge, this specification represents the
first description of reaction tissue in this species, even though
the alfalfa growth habit itself suggests a capacity for its for-
mation, i.e. since woody alfalfa tissue is formed in the basal
portion of the plant (the ‘crown’) in order to survive winter
(Undersander et al., 1997), and the developing branches elon-
gate rapidly with variable displacement from a vertical align-
ment. Reaction tissue has, however, been reported in numer-
ous woody members of the family Fabaceae (to which alfalfa
belongs) (Onaka, 1949; Necesany, 1955; Wardrop, 1964;
Hoster and Liese, 1966; Fisher and Stevenson, 1981).

It can thus be provisionally anticipated that in many, if not
all, lignin-reduced woody (gymnosperm and angiosperm)
plants, the formation of reaction/transitional wood is to be an
expected consequence, i.e. whereby the organism utilizes its
pre-existing mechanisms normally employed to reinforce
branches and/or leaning stems. In possible agreement with
this, several transgenic poplar trees, down-regulated for CAD
activity (downstream of pC3H), were also suspected to have
an apparently altered ability to form G-layers although no
data was reported (Pilate et al., 2004). If correct, as predicted
herein, this would not be a preferred outcome for many for-
estry/pulp and paper applications due to the deleterious prop-
erties of gelatinous fibers, resulting in poor strength quality
due to decreased bonding properties (Dickison, 2000).

Nevertheless, how these biochemical processes, leading to
reaction tissue formation, are initiated (including perception
of the need for its formation, and activation of the various
biochemical pathways involved) are very important questions
that remain to be fully delineated. Indeed, obtaining a detailed
biochemical understanding of the factors controlling reaction
wood formation in rapidly growing species, such as fast
growing trees, and how this can be controlled, is of obvious
importance to the forestry industry, e.g. in terms of develop-
ing approaches to obtain woody tissues of the desired quality
for humanity’s various needs.
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EXAMPLE 3

Chavicol/Eugenol for Biofuels/Intermediate
Chemicals

Example summary. This Example relates to advances
made by applicants and which result in formation of two
well-known molecules: chavicol and eugenol. Both sub-
stances have historically been used as flavor/fragrant compo-
nents from Tanzania, Madagascar and Indonesia; however,
the biochemical/biotechnological manipulations disclosed
herein provide for the diversion of monolignols from lignin/
lignan formation in plant species to instead diverting these
compounds for use, for example, in biodiesel or polymer
production (plastic replacement), i.e., in addition to their
current roles in human nutrition and medicine.

Example overview. Recognition of a growing national
emergency has resulted from escalating costs of petroleum-
derived products worldwide, political instability of petro-
leum-producing regions throughout the world and an increas-
ing recognition of an ever-dwindling (unsustainable) supply
of petroleum products for future generations. Coupled to an
ever-increasing human population, and an ever-increasing
demand for petroleum products, this has resulted in a growing
awareness that humanity needs to urgently identify solutions
to circumvent this serious problem in a sustainable, reliable,
manner. These issues relate not only to fuels but also to
producing sufficient quantities of petroleum-based polymers,
such as polyethylenes, polystyrenes and other products;
about 12% of all petroleum is used for non-fuel/non-energy
purposes.

A major potential sources of renewable energy/biofuels is
that from plant biomass, i.e. through fermentation of poly-
meric carbohydrates to give ethanol. While the capacity of
ethanol production in the USA has steadily grown over the
last decade, predominantly from partial fermentation of corn
stem residues, there are two major scientific hurdles that have
not yet been overcome. The first is that of the polymeric
lignins, which make up ca. 20-30% of all plant stem biomass,
and which are Nature’s second most abundant organic mate-
rials. Under current fermentation processes, lignins cannot
readily be converted into either ethanol and/or other liquid/
gaseous fuels. Indeed, there are still no isolated enzymes
and/or proteins known to effectively degrade the lignin mac-
romolecules, in contrast to reports in the nineteen-eighties
that indicated this problem had been solved. Secondly, the
polymeric lignins themselves represent a formidable physical
barrier in biomass for efficient carbohydrate fermentation,
and thus their presence represents a critical barrier in making
these technologies more economical.
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There are, therefore, compelling reasons to identify novel
ways to more effectively utilize the lignin biopolymers and/or
the carbon allocated for the lignin-forming pathway.

Biotechnological manipulations of both lignin contents
and compositions in various plant species have been success-
fully obtained, but not without a price. Generally, the effects
of drastically reducing lignin contents in vascular plants
results in significant impairment of the vascular apparatus,
the integrity of which is required for plants to withstand
compressive forces and other environmental challenges (e.g.,
wind, rain, snow, etc.), as well as for efficiently transporting
nutrients and water. Such defects, e.g., collapsed vessels, etc.
(for a discussion and examples see Anterola and Lewis’) can
potentially lead to serious difficulties in growing biotechno-
logically modified plant lines in the wild due to a compro-
mised vascular apparatus, i.e., as this can lead to premature
lodging, (vasculature) collapse of plant stems, during growth/
development. Therefore, prefereably, an appropriate balance
is maintained between growing vascular plants for commer-
cial purposes, and reducing/modifying lignin content and/or
composition. However, while the precise extent to which
lignin polymer composition and content can ultimately be
modified is yet to be fully appreicated, there are, according to
particular aspects of the present invention, alternative ways to
produce renewable energy biofuels while striking an
adequate balance between lignin content/composition and
sufficient structural integrity.

The present inventive methods could be applied, for
example, either in oilseed-bearing plants (e.g., canola) or in
heartwood-forming tissues of trees (e.g., western red cedar)
used for lumber and pulp/paper products. In the latter, heart-
wood formation is generally accompanied by a massive depo-
sition of non-structural low molecular weight molecules,
such as the lignan, plicatic acid (30), which, in western red
cedar can be ~20% of the overall dry weight of the stem.
These processes (oilseed and heartwood formation/deposi-
tion of metabolites), as well as judicial modification of lignin
content and composition, thus offer the potential to rationally
optimize plant feedstocks for biofuel/bioenergy either
directly in specific crops or indirectly as part of wood pro-
cessing for pulp/paper, specialty chemicals, etc.

i OH
H;CO OH
OH OH OH
Plicatic acid
/ /
OCH;
OH OH

p-Coumaryl alcohol Coniferyl alcohol
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-continued
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P
H;CO OCH;
OH

Sinapy! alcohol

As discussed herein, lignins are biopolymeric materials
derived from the one-electron oxidation of monolignols,
p-coumaryl (19), coniferyl (21) and sinapyl (23) alcohols,
whereas the lignans in heartwood tissues are low molecular
weight metabolites derived from the same precursors. At
ambient temperatures, the precursor monolignols are rela-
tively unstable and reactive solid compounds, whereas the
final lignin biopolymers are quite intractable biopolymers
and the heartwood lignans are solids that can be extracted by
aqueous/organic mixtures. In general, it requires strenuous
chemical (pulping) conditions to solubilize the lignin-derived
material from (woody) plant cell walls, i.e., via chemical
pulping using either strong caustic or strong acid solutions at
elevated temperatures and pressures. Lignin removal, how-
ever, is essential if effective fermentation of carbohydrate
biomass is an objective.

Applicants have previously discovered a class of enzymes
that we have depicted as pinoresinol-lariciresinol and phenyl-
coumaran benzylic ether reductases (PLRs and PCBERs,
FIGS. 8A and 8B) (Chu, et al., J. Biol. Chem. 268:27026-
27033; Dinkova-Kostova, et al., J. Biol. Chem. 271:29473-
29482; Fuyjita, et al., J. Biol. Chem. 274:618-627; Gang, et al.,
J. Biol. Chem. 274:7516-7527; Min, T., et al., J. Biol. Chem.
278:50714-50723); the former convert monolignol-derived
dimers (lignans) into valuable medicinal products, such as the
cancer-preventative compounds, secoisolariciresinol and
matairesinol. They also represent major intermediates to vari-
ous heartwood-accumulating lignans (i.e., plicatic acid) in
trees, such as western red cedar.

Presently, a new but analogous pathway utilizing monoli-
gnols has been discovered, which applicants consider has
extraordinarily promising potential for either biofuels, inter-
mediate chemicals or as an improved and stable source of the
spice (chavicol (31) and eugenol (33)) components. For
example, the latter is widely used in medical and dental appli-
cations due to its biocidal and analgesic properties. In the
pathway to these two allylphenols, the monolignol precursors
are first biochemically activated (via ester formation) and
then subsequently converted into the highly combustible lig-
uid fuels, the aromatic hydrocarbons, chavicol (31) and
eugenol (33) (FIG. 5C). Importantly, the protein involved,
chavicol/eugenol synthase (CS/ES), is a homologue of our
PLR/PCBER proteins, whose encoding cDNA hybridizes
under the same conditions as for PLR. The proteins of interest
are thus trivially depicted as bifunctional chavicol/eugenol
synthases.

According to particular aspects of the present invention,
this discovery provides novel methods for diverting monoli-
gnol flow away from lignin biopolymer formation, or from
heartwood lignan accumulation/deposition, to that engender-
ing formation of the potential product liquid fuels/intermedi-
ate chemicals of interest. In additional aspects, this strategy
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enhances oilseed production as well, both in relative amounts
of bioproduct/biofuels and their calorific value. In further
aspects, these products (chavicol (31)/eugenol (33)) would be
removed, leaving the remaining (lignin-reduced) biomass
able to be more efficiently fermented for ethanol production.

Preferably, two genes encoding respective proteins are
used to provide proteins that can: (i) acylate monolignol
precursors to afford the corresponding acylated derivatives
(e.g., the acylating transferase family from Taxus brevifolia;
Chau, et al., Arch Biochem Biophys 430:237-246,2004.), and
(ii) convert the latter into liquid biofuel/intermediate chemi-
cals (e.g., using the presently disclosed novel CS/ES homo-
logues). Alternatively, the monolignols can be chemically
acylated, followed by conversion by CS/ES.

Cultured Cell Aspects:

In particular aspects, chavicol (31)/eugenol (33) (or iso-
mers) thereof are produced in bacterial and plant cell cultures.
In certain embodiments, . coli and tobacco (N. tabacum) cell
cultures are used to convert p-coumaryl (19) and coniferyl
(21) alcohols, both lignin and lignan precursors, into the
allylphenols, p-chavicol (b) and eugenol (33), or the regioi-
somers, p-anol (37) and isoeugenol (39). In the case of bac-
terial cell-cultures, transformed E. coli cells harboring the
genes encoding the monolignol acyl transferase and the
chavicol/eugenol synthases (CS/ES) are used.

Biotransformation of p-coumaryl/coniferyl alcohols in £.
coli by heterologous expression of acyltransferase from
Taxus sp and chavicol synthase or eugenol synthase. In par-
ticular aspects, the genes encoding these two proteins are
cloned into a coexpression vector such as the pET-30 EK/LIC
vector offered by Novagen/EMD (Held, et al., inNovations
18, 3-6; Loomis, et al., inNovations 15, 2-6; and Novy, R., et
al., inNovations 15, 2-6), which uses the LIC Duet Adapter
method for simultaneous cloning of two open reading frames.
This constructis expressed in an £. co/i host strain compatible
for coexpression such as BL.21 (DE3). The substrate p-cou-
maryl (19)/coniferyl (21) alcohol is incubated with the trans-
genic E. coli coexpressing these two proteins and the end
products are analyzed. Compounds resulting from monoli-
gnol metabolism are preferably analyzed by HPLC. Prefer-
ably, an assay is first conducted to determine tolerance levels
of E. coli towards monolignol acetate concentration. Eugenol
(33) substrate conversion to ferulic acid (6) and vanillin has
been previously studied successfully in an E. coli coexpres-
sion system (Overhage, et al., Appl. Environ. Microbiol. 69,
6569-6576, 2003). Recombinant E. coli cells expressing a
combination of plant biosynthetic genes have also been
shown to efficiently convert phenylpropionic acids to stilbene
compounds (Watts, et al., BMC Biotechnol. 6, 22, 2006).

The obtained transformed cell lines are used to determine
the optimal conditions (e.g., pH, temperature, light intensity,
effects of varying IPGT concentrations, cell culture induc-
tion, growth and residence times of cell cultures, cell culture
viability, product collection and optimization (e.g., via
decanting, concentration on solid matrixes, product stability,
etc.) for conversion of p-coumaryl (19)/coniferyl (21) alcohol
esters into acccumulated desired allylphenols, such as chavi-
col (31) and eugenol (33). In particular tobacco cell culture
embodiments, the tobacco cells are transformed with both
genes, under control of, for example, the 35S CaMV pro-
moter to provide cells to accumulate chavicol (31)/eugenol
(33), and/or convert p-coumaryl (19)/coniferyl (21) alcohols
into these products, respectively.

Plant Aspects:

In additional aspects, either oilseed (e.g., rapeseed) or
heartwood-forming plants are transformed (genetically
modified) to produce, in large quantity, chavicol (31) and
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eugenol (33). In certain embodiments allylphenol/prope-
nylphenol accumulation is engeineered in both tobacco and
canola plant lines.

Tobacco transformation. In certain additional spects, these
two genes are cotransformed into Nicotianum tabacum to
provide a modified biosynthetic expression system in planta.
In certain embodiments, expression of the heterologous pro-
teins is driven by a tissue specific promoter such as the one
associated with CAD activity (Kim, et al., Proc. Natl. Acad.
Sci., USA 101:1455-1460, 2004). Tobacco plant cells are, for
example, transformed using Agrobacterium cocultivation
using the appropriate methods for either leaf (An, et al., Plant
Physiol. 81:301-305, 1986) or callus (Mayo, et al., Nature
Protocols 1:1105-1111, 2006) tissue. Briefly, this protocol
involves co-cultivation of leaf pieces with Agrobacterium for
two days, followed by transfer to shoot induction agar plates
containing BA (benzyladenine) or callus induction medium
containing NAA (naphthaleneacetic acid) and BA. A more
detailed procedure for tobacco leaf transformation is as fol-
lows. Cell cultures will be obtained from the transformants
following standard procedures.

General procedure used for tobacco plant transformation
and regeneration. Agrobacterium tumefaciens 1L.BA4404/
pC2760 are transformed with DNA plasmid preparations of
each of the final constructs. Overnight cultures of these Agro-
bacteria are then grown in 2 ml YEP medium containing
kanamycin (10 pg/ml), glucose (0.4%) and acetosyringone
(50 uM). Leaf pieces from 6 week old sterile tobacco plants of
the wild type line, growing in MS medium in Magenta boxes,
are placed upside down into 4 ml sterile MS medium contain-
ing 6-benzylaminopurine (BA, 0.5 pug) and naphthalene ace-
ticacid (NAA, 2 ug/ml) and placed in a dark 28° C. incubator.
After 2-3 days, the leaf pieces are washed off with MS
medium containing the same BA and NAA concentrations
and placed upside down onto 0.6% Phytagar MS plates con-
taining BA (1.0 pg/ml) and NAA (0.1 pg/ml) and kanamycin
(50 pg/ml), carbenicillin (100 pg/ml), and cefotaxime (200
ng/ml) and the plates are placed under low light (50 pmol)
conditions. It usually takes 4-8 weeks for shoots to become
visible. After 4-8 weeks or as soon as shoots start to appear,
the shoots are picked and transferred to 0.4% Phytagar MS
plates containing only sucrose (15 g/1) and BA (1.0 pug/ml)
and NAA (0.1 pg/ml) with kanamycin (50 pg/ml), carbeni-
cillin (100 pg/ml) and cefotaxime (200 pg/ml) and the plates
are put into stronger light (150 umol) for shoot and root
stimulation. After about two weeks on this medium, the plant-
lets are then transferred to MS plates containing only sucrose
(15 g/1) plus NAA (0.1 pg/ml) with kanamycin (50 pg/ml),
carbenicillin (50 pg/ml), and cefotaxime (200 pg/ml) to
encourage root formation. When roots start to appear, the
plants are transferred to Magenta squares containing sucrose
(15 g/1) plus kanamycin (25 pg/ml), carbenicillin (50 pg/ml),
and cefotaxime (200 pg/ml). When a strong root system
develops and the plants are growing well, they are transferred
to pots containing potting medium. After hardening off for
1-2 weeks, the plants are sent to the greenhouse to grow to
maturity.

In certain aspects, a tobacco line is directed towards
increasing allylphenol formation in both leaf and stem tis-
sues, with the latter providing validation for heartwood depo-
sition. In additional embodiments, the canola line is directed/
engineered to oilseed metabolite accumulation.

In particular tobacco plant aspects, in combination with
introducing/overexpressing the chavicol/eugenol synthases
and acyltransferases, partial to full down-regulation of ligni-
fication is acheived with increasing allyl/propenyl phenol
formation. In certain embodiments, the plant lines are trans-
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formed, under control of' both 35S and native promoters (e.g.,
using the monolignol pathway promoter for the last step to the
monolignols, cinnamyl alcohol dehydrogenase), to provide
for (a) allyl/propenyl phenol formation; (b) altered stem prop-
erties and (c) ease of fermentation of the remaining material
to afford ethanol (relative to wild-type lines).

Canola (Brassica napus) transformation: In additional
aspects, canola is transformed with the same constructs as
described above using Agrobacterium cocultivation proce-
dures as outlined by Cardoza et al.(Cardoza & Stewart, In
Trangenic Crops of the World—FEssential Protocols. (Curtis,
1. S., ed), pp. 379-387, 2004 Kluwer Academic Publishers;
and Cardoza & Stewart, Plant Cell Rep. 21:599-604, 2003).
Briefly, hypocotyl segment explants are cocultivated with the
Agrobacterium harboring the binary vector constructs for two
days, washed off, then placed onto a preconditioning MS
medium containing the auxin hormone analog 2,4-D. After
two weeks, these hypocotyls explants are transferred to orga-
nogenesis promoting medium containing BAP (6-benzylami-
nopurine), zeatin and silver nitrate. Two weeks later, the
shoots are transferred to a shoot development medium con-
taining BAP and zeatin. The shoots are then transferred to
shoot elongation medium containing BAP. Finally, elongated
shoots are transferred to rooting medium containing IBA.

In particular canola plant aspects, allylphenol/phenol is
targeted to oilseed tissues, to provide production yield(s).
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EXAMPLE 4

Plant Cell Walls are Enfeebled when Attempting to
Preserve Native Lignin Configuration with
poly-p-hydroxycinnamaldehydes: Evolutionary
Implications

Example summary. This Example relates to the effects of
disruption of lignin macromolecular configuration and stem
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vascular integrity through CAD mutations. With such muta-
tions, template polymerization was attempted but aborted at
an early stage of cell-wall phenolic deposition when p-hy-
droxycinnamaldehydes were employed as substrates.

More specifically, the lignin deficient double mutant of
cinnamy! alcohol dehydrogenase (CAD, cad-4, cad-5 or cad-
¢, cad-d) in Arabidopsis thaliana (Sibout et al., 2005), was
comprehensively examined for effects on disruption of native
lignin macromolecular configuration; the two genes encode
the catalytically most active CAD’s for monolignol/lignin
formation (Kim et al., 2004). The inflorescence stems of the
double mutant presented a prostrate phenotype with dynamic
modulus properties greatly reduced relative to that of the wild
type (WT) line due to severe reductions in macromolecular
lignin content. Interestingly, initially the overall pattern of
phenolic deposition in the mutant was apparently very similar
to WT, indicative of comparable assembly processes attempt-
ing to be duplicated. However, shortly into the stage involving
(monomer cleavable) 8-0-4' linkage formation, deposition
was aborted. At this final stage, the double mutant had
retained a very limited ability to biosynthesize monolignols
as evidenced by cleavage and release of ca 4% of the mono-
lignol-derived moieties relative to the lignin of the WT line. In
addition, while small amounts of cleavable p-hydroxycinna-
maldehyde-derived moieties were released, the overall fre-
quency of (monomer cleavable) 8-O-4' inter-unit linkages
closely approximated that of WT for the equivalent level of
lignin deposition, in spite of the differences in monomer
composition. Additionally, 8-5' linked inter-unit structures
were clearly evident, albeit as fully aromatized phenylcou-
maran-like substructures.

The data are interpreted as a small amount of p-hydroxy-
cinnamaldehydes being utilized in highly restricted attempts
to preserve native lignin configuration, i.e. through very lim-
ited monomer degeneracy during template polymerization
which would otherwise afford lignins proper in the cell wall
from their precursor monolignols. The defects introduced
(e.g. in the vascular integrity) provide important insight as to
why p-hydroxycinnamaldehydes never evolved as lignin pre-
cursors in the 350,000 or so extant vascular plant species.
Prior to investigating lignin primary structure proper, it is
instructive to initially define the fundamental characteristics
of the biopolymer(s) being formed, such as inter-unit fre-
quency and lignin content, in order to design approaches to
determine overall sequences of linkages.

Example overview. The compelling question of whether
monolignol-derived macromolecular lignin configuration
results from either non-random or random coupling is only
now being fully addressed, in terms of beginning to design
definitive experiments and approaches to distinguish between
such possibilities (Davin & Lewis, 2005). Yet this is a matter
of profound importance, whether considering lignin’s poten-
tial for improved utilization of lignocellulosics for the wood,
pulp, and paper industries, or as a source of (new) biofuels,
biopolymers, or ruminant feedstocks. Moreover, establishing
how macromolecular lignin configuration is actually engen-
dered is also of fundamental importance for science itself,
particularly being Nature’s second most abundant vascular
plant substances next to cellulose (Lewis and Yamamoto,
1990, Lewis et al., 1999; Croteau et al., 2000; and Anterola &
Lewis, 2002).

Some reports have extended the fifty year old unproven
random assembly hypothesis to now include the facile/seam-
less incorporation of non-lignin (phenolic) moieties into lig-
nin biopolymers should monolignol 19, 21 and 23(FIG. 5)
supply be diminished (Ralph et al, 1997, 19998 and 2004a).
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Such instances have been proposed to occur when the mono-
lignol pathway steps are either mutated or down-regulated,
and have led to repeated suggestions of a compensatory com-
binatorial biochemistry (random coupling) mechanism being
in effect using different non-monolignol precursors (Ralph et
al, 2004a). This, in turn, has led to other notions that lignin
structure is not particularly important, from either physi-
ological and/or structural perspectives (Ralph et al, 1997), as
well as lignins being able to accommodate a remarkable level
of plasticity in overall structure.

Recent studies of altering lignin deposition processes (i.e.
in terms of overall amounts and/or differing monomeric com-
positions) have continued without first establishing how lig-
nin assembly/macromolecular configuration proper is actu-
ally and definitively biochemically achieved. On the other
hand, our emerging knowledge of how lignification occurs (at
least in terms of modulating monolignol supply and compo-
sition) has been comprehensively critiqued and re-inter-
preted, in terms of predictability from a non-random assem-
bly perspective (Anterola & Lewis, 2002). Regularity in
lignin structure has also been proposed by several investiga-
tors (Sarkanen et al., 1984; Garver et al., 1989; Banoub &
Delmas, 2003), e.g., based upon physico-chemical analysis
of soluble lignin derivatives produced under alkaline kraft
pulping conditions. Related studies have reported that, fol-
lowing formation of lignin primary structure, chain replica-
tion next occurs via a template polymerization process with
incoming monolignols (radicals) being aligned prior to cou-
pling through strong non-covalent bond interactions on the
preformed lignin macromolecule(s) (Guan et al., 1997; Sar-
kanen, 1998; Chen & Sarkanen, 2003).

Yet, in apparent support of the plasticity model for random/
combinatorial lignin macromolecular assembly, examples of
surrogate monomers reportedly included 2-methoxybenzal-
dehyde (76), feruloyl tyramine (78), as well as a range of
other non-monolignol moieties, such as acetosyringone (77)
(FIG. 25) and related phenolics (Ralph et al, 1997; Boudet,
1998). Such moieties were initially reported as being incor-
porated into lignins at “substantial levels” when plants were
mutated/down-regulated in cinnamyl alcohol dehydrogenase
(CAD,E.C. 1.1.1.195) and cinnamoyl CoA reductase (CCR,
E.C. 1.2.1.44) (Ralph et al, 1998). However, there were no
precise levels of quantification reported to gain needed
insight into what substantial meant in terms of lignification.
From first principles, many of these moieties could not be
anticipated to freely participate in a [core] free-radical poly-
merization process, other than in chain termination reactions
for example.

The 2-methoxybenzaldehyde (76) report has since essen-
tially been retracted (Ralph et al, 1998). Moreover, no evi-
dence for feruloyl tyramine (78) serving as either a general
biochemical “signature” for CCR downregulation/mutation
(Chabannes et al., 2001) and/or as being incorporated into
lignin (Ralph et al, 1998; Chabannes et al., 2001) could be
independently confirmed in our own studies (of the CCR-irx4
mutant) (Patten et al., 2005; Laskar et al., 2006). Instead, as
could perhaps be anticipated, only a delayed but coherent
deposition pattern of lignification occurred due to the deple-
tion in monolignol supply rate and/or presumed attenuation
of free CoASH levels in the lignifying cells (Laskar et al.,
2006). Nor was any compelling evidence obtained for incor-
poration of other non-monolignol phenolic moieties, e.g.
acetosyringone (77) and hydroxycinnamic acids (4-8) into
the core macromolecular lignin framework as a result of CCR
mutation. Instead, the overall levels of these moieties in CCR-
down-regulated tobacco lines apparently only accounted for
~0.04-0.07% of the lignified cell-wall residue (CWR) (An-
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terola & Lewis, 2002), and would thus be of minor signifi-
cance at best. Such moieties, however, were not observed in
the lignin isolates from the Arabidopsis CCR mutant, at least
down to the levels of NMR spectroscopic detection employed
(Laskar et al., 2006). These data, therefore, place consider-
able restrictions on the proposed concept of lignin plasticity
and seamless combinatorial biochemistry using surrogate
monomers.

Inthis Example, applicants have extended their analyses of
the CAD multigene family in Arabidopsis thaliana. This
particular enzyme catalyzes the NADPH-dependent, sub-
strate versatile, reduction of various p-hydroxycinnamalde-
hydes (e.g. 14-18, FIG. 25) into the corresponding p-hy-
droxycinnamyl alcohols 19-23. From applicants’ previous
studies (Kim et al., 2004), it was demonstrated that two iso-
forms AtCADS and AtCAD4 had the highest CAD activities
in vitro (of 17 possible CAD gene members annotated), and
that these were thus the most likely dominant contributors to
the CAD metabolic network involved in lignification. More-
over, the recent generation of an Arabidopsis cad-4 cad-5
(cad-c cad-d) double mutant (Sibout et al., 2005), described
herein as a CAD double mutant for simplicity, further sup-
ported these conclusions. Indeed, it has provided a convenient
means for comprehensively studying the effects of “knock-
ing-out” both genes on the formation of the lignified vascular
apparatus present in “bolting” stems. Applicants demon-
strates that while small amounts of a poly-p-hydroxycinna-
maldehyde polymer were formed (i.e. relative to lignin) in the
CAD double mutant, the material strength properties (dy-
namic moduli) of the stem plant material were predictably
greatly diminished (i.e. weaker) relative to wild type (WT).
This again underscored the evolutionary significance of hav-
ing a monolignol-derived lignin structure, in both amounts
and monomeric compositions, to achieve “normal” physi-
ological functions in intact plant stems. These observations
further demonstrated why plant lignins are not poly-p-hy-
droxycinnamaldehydes, i.e. from either a chemical structure
or a physiological functional perspective. Similar conclu-
sions have already been made upon analysis of other reports
directed towards altering lignin amounts/compositions (see
Anterola & Lewis, 2002).

The present study also had as its specific objectives to
comprehensively establish the effects of AtCAD4/5 double
mutation on lignification proper. Accordingly, various chemi-
cal degradation and chemical analyses procedures were
developed for this purpose. The data so obtained, however,
again underscored the progress made in terms of simply quan-
tifying amounts of lignins (and other phenolics), as well as in
determining inter-unit linkage frequencies, etc. That is, the
approaches developed herein have now enabled applicants to
much more accurately determine the amounts, as well as the
nature of various inter-unit structures and inter-unit linkage
frequencies, within the relatively small amounts of the poly-
p-hydroxycinnamaldehyde polymer(s) being formed, i.e. by
using criteria generally applied for characterization of all
other (plant) natural products. Interestingly, it was estab-
lished that the frequencies of the cleavable 8-O-4' linkages,
leading to monomer release, within this poly-p-hydroxycin-
namaldehyde corresponded closely to that observed for the
equivalent amount of monolignol-derived lignin deposition.
Moreover, evidence for the presence and nature of 8-5' linked
substructures, previously described as nearly undetectable by
Kim et al., 2003, in related CAD-deficient studies, are also
summarized. As discussed below, the results are considered in
terms of control over macromolecular lignin configuration,
and of a very limited monomer degeneracy during (an ulti-
mately aborted attempt of) template-guided polymerization.
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Methods:

General experimental reagents/chemicals and equipment.
All solvents used in this study, purchased from J. T. Baker
(Mallinckrodt Baker Inc., Phillipsburg, N.J., USA), were of
HPLC grade, whereas reagent grade N, O bis(trimethylsilyl)
trifluoroacetamide  (BSTFA), pyridine, nitrobenzene,
ethanethiol, AcBr, DMSO-d,, and cellulase (EC 3.2.1.4 from
Aspergillus niger, 0.3 units/mg solid) were from Sigma-Ald-
rich (Milwaukee, Wis., USA). Grinding of 4. thaliana plant
stem material utilized a Fritsch planetary mill (Pulverisette)
with agate bowls and balls (Gilson Company, Worthington,
Ohio, USA). 'H and *C NMR spectra were recorded on a
Varian Inova 500 spectrometer (Varian Inc., Palo Alto, Calif.,
USA) at 325° K in DMSO-d (500 pl) using for reference the
residual solvent signal at 2.49 ppm for proton and 39.5 ppm
for carbon. The light micrographs were recorded using an
Olympus BH-2 light microscope equipped with a ProgRes
C12plus digital camera (JENOPTIK, Jena, Germany).
Nitrobenzene oxidations and thioacidolysis analyses were
performed using an HP 6890 Series GC System (Agilent
Technologies, Santa Clara, Calif., USA) equipped with a
RESTEK-5S8il-MS (30 mx0.25 mmx0.25 pum) column
(Restek US, Bellefonte, Pa., USA); silylated products were
analyzed and quantified using an HP 5973 MS detector (EI
mode, 70 eV). Acetyl bromide (AcBr) lignin analyses were
carried out using a Perkin Elmer Lambda 20 spectrophotom-
eter (Perkin Elmer Life and Analytical Sciences Inc., Boston,
Mass., USA). Dynamic moduli of plants were measured on a
dynamic mechanical analyzer, Tritec 2000 (Triton technol-
ogy Ltd, UK).

Plant material and growth parameters. Seeds from cad-4,
cad-5 double mutant lines were provided by Dr. A. Séguin
(Natural Resources Canada, Sainte-Foy, Québec, Canada).
Both wild type and CAD double mutant lines were grown in
Washington State University greenhouses at 21 and 16° C.
with a 15 hlight/9h dark cycle, alight intensity of ~150 mmol
m~2 s~ and a humidity range from 20 to 35%. Both WT and
CAD double mutant lines were independently evaluated for
their main (bolting) stem growth and development param-
eters (length and basal diameters), these being measured
weekly from 3.5 weeks growth/development until 10 weeks
using twenty randomly chosen plants/harvest sampling point.

Histochemistry. Histochemical analyses employed
Wiesner and Méaule reagents for staining fresh hand cut stem
cross-sections of WT and CAD double mutant lines at 4, 6 and
8 weeks growth/development (Patten et al., 2005). Light
micrographs were recorded using an Olympus BH-2 photo-
microscope.

Cell-wall residue (CWR) preparations. After removing
leaves and secondary stems from the main “bolting” stems for
each sample, the extractive-free cell wall residues (CWR)
were prepared as previously described (Patten et al., 2005),
i.e. by successive extraction of individual samples at room
temperature for 12 h each with EtOH:toluene (1:1, v/v, 100 ml
g™, EtOH (100 ml g™*) and then twice with H,O (100 ml
g~1) prior to subsequent chemical degradative analyses.

Lignin enriched isolates (WT) and poly-p-hydroxycinna-
maldehyde preparations. Extractive-free CWR’s (~10 g)
from WT and CAD double mutant lines (8 wks old) were
individually subjected to a modified Bjérkman lignin isola-
tion procedure as previously described (Jourdes et al., manu-
script in preparation) to furnish a lignin-enriched isolate from
WT (210 mg) and a poly-p-hydroxycinnamaldehyde
enriched preparation from the CAD double mutant (160 mg);
these isolates corresponded to ~10.1% and 14.2% of the
estimated AcBr (UV absorbing) constituents present in the
original CWR’s.
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WT lignin-enriched isolate: UV (dioxane) A, (€): 281
(15.7520.35L g! ecm™); for '*C NMR spectra, see FIG. 30a.

CAD double mutant poly-p-hydroxycinnamaldehyde
enriched isolate: UV (dioxane) A, (€): 325 (28.17+0.25 L
g~' cm™!); for 13C NMR spectra, see FIG. 305.

Lignin (WT) and poly-p-hydroxycinnamaldehyde
enriched (cad-4 cad-5) isolates following cellulase digestion.
Extractive-free CWR’s (~8 g) from both WT and CAD
double mutant lines were individually ground by ball-milling
for 96 hr at 4° C., and then subjected to A. niger cellulase
digestion prior to subsequent extraction as follows. The cel-
Iulase (~472 units) was first dissolved in NaOAc buffer (5 ml,
20mM, pH 5.0), and centrifuged (7,200xg, 10 min) to remove
insoluble impurities. The resulting supernatant was next
added to each suspension of CWR (~8 g) in NaOAc buffer (45
ml, 20 mM, pH 5.0) and individually incubated for 48 h at 30°
C.; the whole cellulase digestion procedure was then repeated
(3 times) using fresh cellulase (~472 units) in NaOAc buffer.
After a final digestion, the resulting suspensions were indi-
vidually centrifuged (7,200xg, 10 min), with the insoluble
residues remaining washed with distilled H,O (4x50 ml),
then frozen at —80° C. and freeze-dried for 3 days to afford
cellulase-digested CWR preparations (3.38 g for the CAD
double mutant and 3.85 g for WT). The cellulase-digested
CWR from WT was next subjected to the Bjorkman extrac-
tion procedure as described in Section 4.5 to furnish a cellu-
lase digested lignin-enriched isolate (306.1 mg; 18.4% yield
of estimated AcBr lignin content in CWR see Section
2.3.5.3). The cellulase-digested CWR from CAD double
mutant was treated in the same manner to give a poly-p-
hydroxycinnamaldehyde enriched extract (157.4 mg; 17.4%
yield of estimated AcBr absorbing components solubilized
from the CWR.)

WT derived lignin-enriched isolate following cellulase
pretreatment: UV (dioxane) A, (€): 281 (15.75£0.35L g*
cm™); for '*C NMR spectra not shown (similar to FIG. 30a
spectra).

CAD double mutant derived poly-p-hydroxycinnamalde-
hyde isolate following cellulase pretreatment: UV (dioxane)
Me (€): 325 (28.1720.25 L ¢! em™); for >C NMR spectra
not shown (similar to FIG. 305 spectra).

Molecular weight distributions of lignin-enriched isolates.
Molecular weight distributions (MWD’s) of the lignin and
poly-p-hydroxycinnamaldehyde isolates from WT and CAD
double mutant lines were estimated by gel permeation chro-
matography (GPC) using a Sephadex G-100 column as pre-
viously described (Laskar et al., 2006).

NMR spectroscopic analyses of lignin-enriched isolates.
NMR spectra of lignin and poly-p-hydroxycinnamaldehyde
isolates (30 mg) were individually recorded as described in
Section 4.1. For 1*C NMR, two-dimensional phase-sensitive
gradient-selected HMQC and HMBC spectra were recorded
using similar acquisition parameters as previously described
(Laskar et al., 2006).

AcBr lignin/poly-p-hydroxycinnamaldehyde, alkaline
nitrobenzene and thioacidolysis determinations. The lignin
and poly-p-hydroxycinnamaldehyde contents of extractive-
free CWR samples for each line were estimated by the AcBr
method (liyama & Wallis, 1990; Blee et al., 2001) using
recalculated AcBr lignin and poly-p-hydroxycinnamalde-
hyde extinction coefficients with monomeric compositions
estimated by thioacidolysis. From previous studies, the AcBr
extinction coefficients for H, G and S enriched lignins were
estimated to be: 15.31 1g7> em™ (H units); 18.61 1 g™ cm™*
(G units), 14.61 1 g7 cm™ (S units) (Cardenas et al., manu-
script submitted) and 24.83 1 ¢! cm™ for the poly-p-hy-
droxycinnamaldehyde component (see Section 2.3.5.3).
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Monomeric compositions were estimated using both alkaline
nitrobenzene oxidation (liyama & Lam, 1990) and thioaci-
dolysis (Rolando et al., 1992; Blee etal., 2001) methods, with
all products 84-89, 90-94 and 97-100 identified by compari-
son to calibration against authentic standards.

Chemical syntheses. The 8-O-4' linked p-hydroxycinna-
maldehyde model compounds 95 and 96 were obtained in
similar yield to that of Kim et al., 2000; 2002. These were
individually subjected to thioacidolysis (Rolando etal., 1992;
Blee et al., 2001) to individually furnish the indene deriva-
tives 97-100 in comparable yields to that of Kim et al., 2000;
2002.

Dynamic mechanical analysis. Stems of both WT and the
CAD double mutant at 6 and 7 weeks growth/development
were tested in the tension mode using a TRITEC 2000
Dynamic Mechanical Analyzer. Three different stems with 3
replications of each were tested in each case. Measurements
were carried out exactly as described in Patten et al., 2007.
Results:

Growth parameters and losses in dynamic modulus prop-
erties in cad-4 cad-5 (cad-c cad-d) “bolting” stem sections.
Prior to investigating the nature of the phenolic materials
deposited in stem tissue cell walls of 4. thaliana WT (ecotype
Wassilewskiia) and the corresponding CAD double mutant,
the overall growth/development from germination until
maturation/senescence onset of both lines was first com-
pared. Concomitantly, estimations of the overall dynamic
modulus properties of the resulting stems, and analysis of
histochemical staining patterns using reagents typically used
for lignin, were carried out for each line.

In terms of overall gross growth/developmental indices, no
visible differences were noted between the WT and the
double mutant lines at the rosette leaf developmental stage. In
both cases, rosette sizes were similar with no observable
differences in rosette leaf formation from germination until
about 3 weeks growth/development (data not shown). The
most striking visible phenotypical difference observed, how-
ever, between both lines was in the overall structural integrity
of the inflorescence stem: at ~4 weeks until maturation, the
stems of the double mutant became prostrate (FIG. 26a), in
contrast to that of WT (Sibout et al., 2005). These data sug-
gested a weakened vasculature apparatus for the CAD double
mutant. Additionally, both stem lengths and diameters were
consistently slightly smaller (~25% and ~15%) for the double
mutant line when compared to WT (FIGS. 265 and ¢). In this
regard, a reduction in stem length had also been noted for the
CAD double mutant, albeit without either any specific quan-
tification or indication of trend development (Sibout et al.,
2005).

It was thus next useful to compare and contrast dynamic
moduli properties of both WT and CAD double mutant lines
in order to obtain some additional insight into possible struc-
tural integrity differences in the resulting tissues. Dynamic
mechanical analyses (DMA) were therefore performed in the
tension mode, where the storage tensile and loss moduli rep-
resent the elastic and viscous components of the complex
modulus. The stems of both WT and the double mutant were
compared at 6 and 7 weeks growth/development, using 3
different stems and 3 replications. The CAD double mutant
line had a consistently lower tensile storage modulus (E'"),
approximately half (7.1x10® Pa) than that of the WT line
(1.37x10° Pa) whereas the loss moduli (E") of both were very
similar (FIG. 26d). To further establish differences in
dynamic mechanical properties of both lines, the storage and
loss moduli of stems, harvested at weeks 6 and 7, were com-
pared at an 0.02% strain level using a paired-t-test (FIG. 26¢).
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Significant differences in storage moduli were again observed
between both lines at weeks 6 (p value=0.036) and 7 (p
value=0.014). Thus, the elastic component of dynamic modu-
lus in tension is significantly reduced in the CAD double
mutant, whereas the loss moduli for both are similar at weeks
6 (p value=0.951) and 7 (p value=0.241).

Histochemical analyses. Attention was next given to the
histological detection of lignin/phenolics in the cell wall tis-
sues of the developing stems of both WT and CAD double
mutant lines. The two protocols utilized were phloroglucinol-
HCI (for putative p-hydroxycinnamaldehyde end groups 14,
16 and 18), and the Méule reaction for detection of
syringyl (S) moieties (Patten et al., 2005). Plant lines were
analyzed at 4, 6 and 8 weeks at the apex, middle and basal
regions; for this report, however, only basal stem data are
described (FIGS. 27 and 28). These analyses, when taken
together, represent the early stages of “bolting” stem devel-
opment (~3.5 weeks) until maturation/onset of senescence
(~8 weeks).

For fresh hand-cut stem tissues of the WT line, in the
absence of any histological stain for lignin, the guaiacyl (G)-
rich xylem (x), as well as protoxylem (px) and interfascicular
fibers (if), were readily discernible at all stages of growth/
development. These were, however, not markedly different in
color from the other cell/tissue types under the differential
interference contrast (DIC) conditions used for visualization
(FIGS. 27a, 27¢, 27¢, and 28¢). For the CAD double mutant,
on the other hand, as maturation proceeded there was a build-
up of a distinct pigmentation in all lignifying elements, i.e.
orange-brownish for x, versus reddish-orange for if (see
FIGS. 27b, 27d, 27f and 28a).

This pigmentation was observed throughout all of the
remaining phases of growth/development until maturation/
senescence onset, as had been previously noted with various
other CAD down-regulated lines (Halpin et al., 1994; Higuchi
et al., 1994). The red coloration was, however, readily
removed by treatment with acidic MeOH (containing 0.5%
HCl, see FIGS. 28a versus 28b), as also observed for tobacco
(Laskar et al., 2007); the corresponding treatment for WT is
shown for comparison purposes (FIGS. 28¢ versus 284).

Next, for both WT and double mutant lines, phlorogluci-
nol-HCI staining gave qualitatively similar positive results
(for presumed p-hydroxycinnamaldehyde end groups) at all
growth/developmental stages, i.e. from 4-8 weeks (FIGS.
27¢-27]). However, the CAD double mutant apparently gave
a somewhat darker red pigmentation compared to WT. The
Maule reagent, presumed to be syringyl (S) moiety-specific,
also displayed extensive orange staining in the if regions for
both the WT and the double mutant lines at 4, 6 and 8 weeks,
but was largely absent in the xylem (x) and protoxylem (px)
tissues (FIGS. 27m-27r) known to be G-rich (Patten et al.,
2005). At maturation (~8 weeks), both staining methods indi-
cated the presence of lignified phloem fibers (pf) in WT
(FIGS. 27k and 27¢g), although these were not detected in the
CAD double mutant under the same conditions (FIGS. 27/
and 27r).

Characterization of cell-wall derived biopolymers from
WT and cad-4 cad-5 double mutant lines. Attention was next
given to applying/developing methodologies to extract the
lignins from the WT cell-walls, as well as that of any biopoly-
meric phenolic material present in the CAD double mutant;
for this purpose, plant stems were selected and harvested in
each case at maturation (~8 weeks growth and development).
Specifically, for each preparation, the determinations
required, at the minimum, accurate and/or improved estima-
tions of: extinction coefficients, molecular weight distribu-
tions (MWD’s), assessment by "H and *C NMR spectro-
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scopic analyses of the chemical nature of the biopolymeric
substructures, as well as estimation of various inter-unit link-
age frequencies (e.g. 8-O-4' bonds).

Phenolic biopolymer isolation protocols. Whole, extrac-
tive-free, stem tissues of both lines were thus individually
subjected to two different isolation procedures, namely the
modified Bjérkman protocol (Bjorkman, 1954; Jourdes et al.,
manuscipt in preparation) with or without an initial cellulase
digestion step (see Methods). In this way, from WT stem
tissue (10 g), the modified Bjérkman procedure alone
afforded a lignin enriched isolate (210 mg) (so-called milled
wood lignin, MWL), whereas with prior cellulase digestion a
cellulase-liberated MWL isolate (382 mg) was obtained. In
an analogous manner, the CAD double mutant stem tissues
(10 g) gave 160 and 196 mg of isolates. Overall, the cellulase
digestion step appears to be even more effective with WT
tissues since the amounts of isolate increased by ~80%.

Estimations of extinction coefficients in dioxane. The UV
spectra of the lignin isolates from the WT line, with or without
prior cellulase digestion, gave absorption maxima at A=281
nm (estimated €,4,=15.75+0.35 1 g~* cm™') in dioxane, cor-
responding to a typical G/S lignin chromophore (FIG. 294).
By contrast, the IV spectra of the phenolic isolates obtained
from the CAD double mutant were very different from that of
the WT lignin isolates and exhibited a bathochromic shift to
325 nm with an estimated €,,5=28.17x0.251 g™ cm™*.

Molecular weight distributions. The molecular weight dis-
tributions (MWD) of both WT and double mutant lignin-
enriched isolates with and without prior cellulase treatment
were next subjected to gel permeation chromatography
(GPC), using a pre-calibrated Sephadex G-100 column
(Laskar et al., 2006) eluted with 0.1 M Noah; the latter eluant
has been employed in order to attempt to minimize associa-
tive effects in lignin-derived preparations (Dutta et al., 1989).
All four samples had relatively broad MWD’s with estimated
molecular weights (Mw’s) centered at ~4,600 Da for the two
lignin-enriched isolates from WT, versus ~4,000 Da for the
CAD double mutant preparations (FIG. 2956). Molecular
weight averages were estimated following calibration of the
Sephadex G-100 column with sodium polystyrene sulfonates
(Mw’s: ~1,430; 5,180; 29,000; 79,000) and coniferyl alcohol
(3, M, 180), with polydispersity index values (M, /M,) cal-
culated: ~2.1 for the WT lignin-enriched isolates and ~1.8 for
the CAD double mutant preparations. As already noted for
other WT lignin-derived isolates (Laskar et al., 2006), the
polydispersity indices are considered to possibly reflect ran-
dom cleavage during mechanical ball milling treatment (~4
days) rather than the actual molecular weight distributions of
the phenolic materials present in situ.

NMR spectroscopic analyses. Various NMR spectroscopic
analyses were next carried out in order to begin to compare
the types of assignable interunit linkages/substructures
present in the various polymeric isolates. A limitation of this
approach, however, is that this methodology is currently not
yet very applicable to either readily obtain lignin primary
chain sequence data and/or to identify all structural entities
present,. e.g. in the lignins. Nevertheless, the preparations
obtained from WT and the CAD double mutant were indi-
vidually subjected to NMR (*H, **C, 2 D HMQC and 2D
HMBC) spectroscopic analyses (FIGS. 30a-d and 31a-c).

Lignin isolates from WT. The 1 D ** C NMR spectra of the
WT lignin-enriched isolates (FIG. 30a) were those of typical
G/S lignins present in Arabidopsis as previously reported for
WT ecotypes Landsberg erecta (Laskar et al., 2006) and
Columbia (Marita et al., 1999); these are summarized below
only as needed for comparative context. Thus, characteristic
methoxyl group signals were readily observable at ~55.8
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ppm, with the corresponding aromatic ring resonances
assignable as before, i.e. ~102-107 and ~150-154 ppm for
tertiary carbons-2/6 and quaternary carbons-3/5 in S aromatic
units, with comparable G unit resonances at ~107-124 ppm
and 145-154 ppm for tertiary aromatic carbons-2/5/6 and
quaternary carbons-3/4, respectively. Signals for the quater-
nary carbon-1 for G units and carbons-1 and 4 for S units
overlapped between 125 to 140 ppm.

2D HMQC analyses were used to examine the various
oxygenated carbon resonances in the aliphatic region (50-90
ppm, FIG. 30¢) (Lewis et al., 1987; Karhunen et al., 1995;
Ralph et al., 2004 b; and Laskar et al., 2006). As before, the
five expected (G/S) substructures were identified (FIG. 30¢),
namely: 8-O-4' aryl ether (substructure I), resinol-like (sub-
structure II), phenylcoumaran (substructure III), dibenzo-
dioxocin (substructure IV) and cinnamy] alcohol end groups
(substructure V). All were assigned through their character-
istic carbon-proton correlations (d¢/d,): i.e. 59.6/3.20 and
59.6/3.57 (Co/Hy), 82.9/4.20 (Cy/Hy) and 70.8/4.68 (C,/H,)
ppm for 8-O-4'" aryl ether substructure I; 70.7/3.71 and 70.7/
4.08 (Cy/Hy, Co/Hy), 53.3/3.01 (C4/Hg, Cq/Hyg)) and 84.6/
4.59 (C,/H,, C,/H,) ppm for resinol-like substructure II;
62.6/3.69 and 62.6/3.32 (C4/H,), 52.6/3.38 (C4/Hg) and 86.4/
5.42 (C,/H,) ppm for phenylcoumaran substructure I111; 61.3/
4.05 and 61.3/3.95 (C,/Hy), 85.7/4.09 (C4/Hg) and 83.2/4.71
(C,/H,) ppm for dibenzodioxocin substructure IV, as well as
61.6/4.3 (Cs/H,) ppm for cinnamyl alcohol end groups (V).
Other inter-unit linkages, such as 8-1', diphenyl and/or diphe-
nyl ether bonds were not definitively identified due to over-
lapping resonances. As noted before, this is a limitation of the
techniques currently employed (Laskar et al., 2006).

As already also described (Laskar et al., 2006), minor
aldehydic resonances were observed at 190.7 and 194.2 ppm
(FIG. 30a) with these being assignable to cinnamy] aldehyde
VI and benzaldehyde VII moieties (FIG. 30¢). In particular,
the 2D HMBC spectroscopic analysis gave clear correlations
between the benzaldehydic carbon at ~190.7 ppm and two
equivalent protons at ~7.18 ppm for carbons-2/6 in syringal-
dehyde moieties (=substructure VIlc). By contrast, no cor-
relations were detected for either vanillin or p-hydroxyben-
zaldehyde substructures, i.e. VIIb or VIla. For cinnamyl
aldehyde VI like substructures, two different correlations
between the aldehydic carbon at 194.2 ppm and the benzylic
protons on carbon-7 at 7.57 ppm and 7.61 ppm were
observed. In addition, the proton-7 at 7.57 ppm correlated
with the two equivalent aromatic carbons 2/6 (106.3 ppm) in
a sinapyl aldehydic moiety (=substructure VIc). In an analo-
gous manner, the proton-7 at 7.61 ppm correlated with aro-
matic carbons-2/6 at 112.7/123.4 ppm which, in turn, corre-
sponded to a coniferyl aldehyde moiety (= substructure
VIb). On the other hand, no correlations corresponding to a
p-hydroxycinnamaldehyde moiety (= substructure Via)
were detected. According to the relative correlation intensi-
ties, substructure VIb was apparently more abundant than
substructure VIc. The presence of these minor aldehydic sub-
structures VIb, VIc and VIlc were reported previously
(Laskar et al., 2006).

Further confirmation of substructures I to IV was made
through 2D HMBC analyses. This established the presence of
three-bond correlations between their carbon-7 (at ~70.8 ppm
for I, ~84.6 ppm for II, ~86.4 ppm for I1I and at ~83.2 ppm for
1V) with the aromatic protons of carbons-2/6 at ~6.8/6.9 ppm
(G units) and ~6.6 ppm (S units), respectively. These sub-
structures were apparently mainly present as G units (sub-
structures I-IVb), and to a lesser extent S units (substructures
I-IVc). However, as expected, the WT lignin-enriched iso-
lates contained minor amounts of impurities that are gener-



US 9,131,648 B2

83

ally observed in lignin preparations. These are marked by x
and ¢ in FIG. 30aq (e.g. for carbohydrates (c) as indicated by
resonances between 95-101 ppm (anomeric carbons) and
70-80 ppm, and also for glycerides esterified with acetyl
groups (OAc, ~170 ppm)).

NMR spectroscopic analyses of the CAD double mutant
isolates. Both isolates were subjected to NMR spectroscopic
analyses ("H, '*C, 2D HMQC and 2D HMBC) as described
above and which established the presence of poly-p-hydroxy-
cinnamaldehyde moieties (FIGS. 305, 304 and 31a-c). As for
the WT lignin isolates, intense signals at ~55.8 ppm charac-
teristic of methoxyl groups attached to G/S aromatic nuclei
were observed (FIG. 305). However, the '>C spectra of both
isolates differed markedly from the WT lignin-enriched iso-
lates, particularly in the oxygenated aliphatic regions: that is,
monolignol-derived substructures 11, 111, IV and V could not
be detected as such and the aromatic regions also displayed a
quite distinct chemical shift profile, at least down to the noise
level. Additionally, in the aldehydic region more intense reso-
nances corresponding to aldehydic end group substructures
VIand VII, as well as two new signals at 186.4 and 187.8 ppm
provisionally assigned to substructure VIII were observed
(FIGS. 305 and e). The *3C spectrum of the poly-p-hydroxy-
cinnamaldehyde also contains similar minor impurities (as
marked by x and ¢ in FIG. 305) as previously observed for the
WT isolate spectra (FIG. 30a).

Application of 2D HMQC spectroscopic analysis to the
aliphatic 1*C regions (oxygenated carbon) resulted, however,
only in detection of the monolignol derived 8-O-4' aryl ether
substructure 1. This was evident from small but characteristic
correlations at 59.6/3.20 and 59.6/3.57 (Cy/Hy), 82.9/4.20
(C¢/Hg) and 70.8/4.68 (C,/H,) ppm (FIG. 30d). Once again,
substructures II-V were not detected as above.

The main aldehyde-derived substructures present were
next identified using 2D HMQC and 2D HMBC spectro-
scopic analyses, i.e. by examining specific correlations with
those in the aldehydic carbon region (180-200 ppm) (FIG.
31). Overall, different types of substructures were identified
according to the peaks detected in the HMBC spectra: cinna-
maldehyde end groups (= substructure VI), 8-O-4' aryl ether
linked cinnamaldehydes (= substructure VIII) and benzal-
dehydes (= substructure VII); these substructures were all
previously observed in CAD-downregulated tobacco (Kim et
al., 2003; Laskar et al., 2007) as well as in a CAD-deficient
pine mutant line (Kim et al., 2003).

The presence of cinnamaldehyde end groups was readily
confirmed not only from the large resonance at 194.1 ppm in
the 13C spectra, but also from the intense correlations noted
between aldehydic carbon-9 at 194.1 ppm and proton-9 at
~9.63 ppm in the HMQC spectra, as well as with proton-7 at
~7.61 ppm in the HMBC spectra (FIG. 31a-¢). Designation of
aromatic ring nuclei was next determined via analyses of long
range correlations between proton-7 and carbon-2/6 at 112.7/
123.4 ppm (G units, = substructure VIb) and at 106.3 ppm (S
units, = substructure VIc). Note, however, that the correla-
tion at 194.1/~7.61 ppm may also include other possible
substructures possessing a similar aldehydic side-chain from
carbons 7 to 9 e.g. substructures X and XI (Kim et al., 2003).

In an analogous manner, benzaldehydic substructures VII
were detected through correlations in the 2D HMBC spectra
between the aldehydic carbon-7 at ~190.7 ppm and the two
aromatic protons-2/6 (FIG. 31c¢). Correlations were mainly
observed between the benzaldehydic carbon at ~190.7 ppm
and two equivalent protons-2/6 at ~7.26 ppm corresponding
to a syringaldehydic moiety (=substructure V1Ic), whereas a
much smaller correlation with protons-2/6 at ~7.54 ppm was
indicative of a vanillin substructure (=VIIb).
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The relatively large resonances at 186.4 ppm and 187.8
ppm in the '3C spectra were next assigned to 8-O-4' styryl-
O-aryl ether linkages (= substructure VIII) (FIGS. 306 and
3154), depending on the nature of the aromatic ring connected
to carbon 8 through ether linkages. The latter can be either in
a G (= substructure VIII-1 and VIII-2, see FIG. 31d), S
and/or S-substituted G (= substructure VIII-3 and VIII-4)
unit. The presence of the four 8-O-4' styryl-O-aryl ether sub-
structures VIII-1 to VIII-4 was also evident from analysis of
the HMBC spectra (FIG. 31¢), with each identified through
specific long range correlations between the aldehydic car-
bon-9 and proton-7 (8¢/d,), 1.e. 187.8/7.46 for VIII-1, 187.8/
7.40 for VIII-2, 186.4/6.83. for VIII-3 and 186.4/6.77 for
VIII-4.

Of particular interest was the presence of substructure IX,
containing a fully conjugated benzofuran skeleton (8-5') like
substructure (FIG. 315 and 31d). This was identified by com-
parison of spectroscopic features for the somewhat analogous
benzofuran aldehydic lignan 79 (so-called XH-14) isolated
from Salvia miltiorrhiza Bunge (Danshen) (Yang et al.,
1991), as well as with the benzofuran aldehyde 80 obtained
by total synthesis (Moinuddin et al., unpublished results)
(FIG. 32). The Salvia metabolite 79 had a specific correlation
in the HMQC spectrum at 186.7/10.26 ppm between the
aldehydic carbon-9 and the aldehydic proton-9, as did syn-
thetic 800 which had a correlation at 186.5/10.33 ppm. Iden-
tical correlations were also observed in the poly-p-hydroxy-
cinnamaldehyde isolates. Formation of substructure(s) IX
presumably results from coupling of the corresponding alde-
hydes to initially generate expected substructures, such as
X1V and XV. It is currently unknown, however, when during
either plant growth/development and/or phenolic isolation
re-aromatization occurs to give X, as well as the significance
of'its formation.

To Applicants’ knowledge, substructure IX was not previ-
ously reported in any CAD mutant line (Kim et al., 2003).
However, by contrast, the 8-5' linked substructures XIV and
XV (FIG. 31d) were readily detected in different synthetic
dehydropolymerizates, these being generated by oxidative
coupling of either coniferyl aldehyde (16) alone (Conners et
al., 1970; Russell et al., 2000) or a mixture of coniferyl
aldehyde (16) and coniferyl alcohol (21) (Kim et al., 2003).
Yet, as mentioned above, these were not detected in the poly-
p-hydroxycinnamaldehyde isolates obtained in this study.
This is perhaps indicative of further differences between ran-
dom coupling in vitro and that of the proteinaceous machin-
ery in the plant cell walls controlling oxidative polymeriza-
tion (see below).

The presence of an 8-8' cinnamaldehyde substructure (=
substructure XII) was also reported in lignin isolates from
CAD-downregulated tobacco (Kim et al., 2003) as well as in
different synthetic poly-p-hydroxycinnamaldehyde dehydro-
polymerizates (Conners et al., 1970; Russell et al., 2000).
However, in applicants’ hands, this substructure could not be
unambiguously identified by NMR spectroscopic analysis in
the poly-p-hydroxycinnamaldehyde isolates under the condi-
tions employed. Although very tiny resonances in the '3C
spectrum at 192.5 ppm (FIG. 31a) were provisionally assign-
able to an 8-8' cinnamaldehyde substructure (= substructure
X1I), there were no expected correlations in the 2D HMBC
spectra to confirm its presence further, indicating that at best
it was only present in very small amounts. A second 8-8'
cinnamaldehyde substructure (= substructure XIII), which
was also reported as being present in a synthetic poly-p-
hydroxycinnamaldehyde dehydropolymerizate formed from
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a mixture of 16 and 21 (Kim et al., 2003), was also not
detected in the poly-p-hydroxycinnamaldehyde isolates from
the CAD double mutant.

Finally, from the analyses of HMBC spectra of the poly-
p-hydroxycinnamaldehyde isolates, various other correla-
tions were observed but which could not yet be unambigu-
ously assigned (FIG. 31¢); these will be investigated further
in future.

Alkaline nitrobenzene oxidation (NBO)/thioacidolysis
degradation/acetyl bromide analyses. Alkaline nitrobenzene
oxidation (NBO) and thioacidolysis degradation procedures
are currently routinely applied to the analysis of plant mate-
rials, due to their abilities to cleave various linkages in lignins,
as well as that of related phenolics. For example, NBO oxi-
dation of lignin “model” compounds 81-83 affords the vari-
ous lignin-derived products 84-89 (FIG. 335) (Schultz and
Templeton, 1986; Schultz et al., 1987). For lignins, this pro-
cedure results in a homolytic oxidative fission of their 7-8
linkages, and ultimately cleavage of the 8-O-4' bonds as well
(FIG. 33a) (Schultz and Templeton, 1986; Schultz et al.,
1987). This method can, however, give overestimations if
there are significant amounts of other non-lignin cell-wall
bound p-hydroxycinnamic  acids/aldehydes  present
(Anterola & Lewis, 2002). For thioacidolysis, the overall
main monomeric monolignol-derived degradation products
(90-92), obtained from lignins proper are depicted in FIG.
33¢; their formation has also been studied using model com-
pounds 81-83 containing 8-O-4' inter-unit linkages. For the
lignins, both procedures are generally employed to estimate
H:G:S ratios, as well as amounts of releasable products rela-
tive to lignin contents and/or cell wall residues (CWR). The
acetyl bromide (AcBr) method, by contrast, solubilizes phe-
nolic materials, such as lignin, and is often generally
employed to estimate “lignin” contents from various plant
sources.

Nitrobenzene oxidation. Alkaline nitrobenzene oxidations
(NBO) of the four isolates from the WT and the CAD double
mutant were thus next carried out. For both isolates from the
WT line, the total amounts of H, G and S monomeric units
released were ~1359x7.9 umoles g~ (without cellulase pre-
treatment) and ~1214£28.5 umoles g=* (with cellulase pre-
treatment), with H:G:S ratios of 1:85:14 and 1:87:12, respec-
tively (TABLE 6). This in turn accounted for ~27 and 24% by
weight of the lignin isolates assuming the products had origi-
nated from C,C; moieties (FIG. 335).

Treatment of the corresponding CAD double mutant iso-
lates gave somewhat similar findings, in terms of total
amounts of monomers released (~1274x10.5 and
~1197£11.9 umoles g=1), with overall recoveries of 26 and
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24%. On the other hand, the H:G:S ratios differed signifi-
cantly (1:68:31 and 1:69:30) from that of WT indicative of a
significant increase in both amounts of S units released with
a comparable decrease in G moieties. Taken together, the
alkaline NBO degradation data for all four isolates indicated
that there were roughly equimolar populations of cleavable/
releasable monomers present.

Thioacidolysis. Treatment of the two lignin-derived iso-
lates from the WT line gave ~1149+18.3 and ~1131+19.8
pmoles g~ of total thioacidolysis monomers, with H:G:S
ratios of 1:83:16 and 1:82:17, respectively (TABLE 6). As
noted, these were largely the monolignol-derived products
90-92 (FIG. 33¢) and, to a much smaller extent, they also
resulted from cleavage of tiny amounts of aldehydic end-
groups in presumed 8-O-4' linkages isolated as compounds
93 and 94 (FIG. 334). Taken together, however, the thioaci-
dolysis products 90-94 released in both cases accounted for
~23% by weight of the lignin isolates. This product recovery
data thus also corresponded reasonably closely with the val-
ues for the NBO analyses previously described above.

On the other hand, the amounts of monolignol-derived
thioacidolytic cleavage products 90-92 (FIG. 33d) from the
CAD double mutant phenolic isolates were only ~116+4.6
and 92+5.3 pmoles g™, with these values in both cases cor-
responding to ~10% of the phenolic isolates. Interestingly,
the monolignol-derived moieties had H:G:S ratios of 1:83:16
and 1:82:17 (TABLE 6), which were comparable to the ratio
obtained for the lignin in the WT lines.

In the previous preliminary analysis of the CAD double
mutant (Sibout et al., 2005), it was reported that the various
indene derivatives 97-100 could also be released following
thioacidolysis, with these presumed to result from cleavage of
8-O-4' interunit linkages (FIG. 31e) derived from p-hydroxy-
cinnamaldehyde 16 and 18 coupling. To investigate this pos-
sibility further, the corresponding model compounds 95 and
96 were synthesized and individually subjected to quantita-
tive thioacidolysis for calibration purposes. In this way, the
total amounts of indene derivatives 97-100, end-group alde-
hydes 93, 94 and monolignol derived products 90-92 released
from the double mutant phenolic isolates were ~1050+15.1
and ~1041x18.5 umoles g~' monomers, with H:G:S ratios of
1:72:27 and 1:71:28, respectively (TABLE 6). Thus, as also
observed from the NBO analyses, the H:G:S ratios differed
significantly from that of WT due to an increase in S units.
Taken together, the thioacidolysis products 90-92 and 97-100
accounted for ~21-22% by weight of the poly-p-hydroxycin-
namaldehyde isolates; these values were thus also in the same
general range as those determined by the alkaline NBO deg-
radation method.

TABLE 6

Estimations of lignin/poly-p-hydroxycinnamaldehydes contents and monomeric compositions.

WT (Wassilewskija)

CWR Isolate
CWR (cellulase) Isolate (cellulase)
AcBr lignin contents(% of CWR or isolate) 20.8 0.2 487 £0.3 98.5£2.3 98.8 2.2
NBO H units (22, 25) 4x11 11£3.8 615 717
(umoles g~! of G units (23, 26) 261 £10.2 545x13.2 1156 = 8.3 1055 + 28.4
either CWR or S units (24, 27) 65 6.4 147 £5.7 197 £5.4 152+ 8.9
isolate) H+ G + S units (22-27) 330+10.8  703+13.2 135979 1214+ 28.5
H:G:S 1:79:20 1:78:21 1:85:14 1:87:12
Thioacidolysis ~ 8-O-4' H units (28) 3+0.2 2=+0.2 5+0.1 6+0.2
(umoles g™ of monolignols G units (29) 244 +£43 417 £ 6.6 930 = 15.2 904 = 17.1
either CWR or S units (30) 7139 93 £3.6 186 £ 10.8 194 +10.8
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TABLE 6-continued
Estimations of lignin/poly-p-hydroxycinnamaldehydes contents and monomeric compositions.
isolate) H + G + S units (28-30) 318 £6.9 512 £10.5 1121 £19.1 1104 = 18.8
H:G:S 1:77:22 1:82:17 1:83:16 1:82:17
8-0-4' H units nd nd nd nd
aldehydes G units (35, 36) nd nd tr tr
S units (37, 38) nd nd tr tr
H + G + S units (35-38) nd nd tr tr
H:G:S — — —
End group H units nd nd nd nd
aldehydes G units (31) 13+£1.2 18+1.8 24=+15 24+19
S units (32) 2+05 304 4+03 307
H + G + Sunits (31, 32) 15«11 21+1.9 28+1.2 27+1.3
H:G:S 0:87:13 0:86:14 0:86:14 0:89:11
All units H units 3+0.2 2+0.2 5+0.1 6+0.2
G units 257 £6.2 435+73 954 +15.8 928 +18.3
S units 73 £4.9 96 = 4.7 190 £11.2 197 £11.2
H + G + S units 333£9.3 533 £11.2 1149 +18.3 1131 £19.8
H:G:S 1:77:22 1:82:17 1:83:16 1:82:17
Ratio of all aldehyde/all units 0.04 0.04 0.02 0.02
CAD double mutant
CWR Isolate
CWR (cellulase) Isolate (cellulase)
AcBr lignin contents(% of CWR or isolate) 11304 19.6 0.4 9.1=x14 99.2x1.8
NBO H units (22, 25) 2+0.8 4£07 6=1.1 8+0.9
(umoles g~* of G units (23, 26) 76 2.8 189 £ 3.5 868 = 6.7 83279
either CWR or S units (24, 27) 38=1.1 90 +5.7 400 = 6.4 35774
isolate) H + G + S units (22-27) 116 £4.6 283 £9.8 1274 £10.5 1197 £11.9
H:G:S 1:66:33 1:67:32 1:68:31 1:69:30
Thioacidolysis  8-O-4' H units (28) 104 1+0.2 1+0.1 1+0.2
(umoles g™' of monolignols G units (29) 10+1.2 16 1.8 98 =3.7 77 4.8
either CWR or S units (30) 305 4+09 17+1.1 1409
isolate) H + G + S units (28-30) 14+1.5 2122 116 £4.6 9253
H:G:S 1:71:28 1:75:24 1:83:16 1:82:17
8-0-4' H units nd nd nd nd
aldehydes G units (35, 36) 32=x1.5 79+53 596 = 10.3 569 = 8.9
S units (37, 38) 16 £0.8 38+4.3 256+ 6.9 271 +8.2
H + G + S units (35-38) 48 =11 117 £10.6 852 = 18.4 840 £ 17.1
H:G:S 0:67:33 0:68:32 0:70:30 0:68:32
End group H units nd nd nd nd
aldehydes G units (31) 17+1.6 3121 68 £2.9 91 £3.8
S units (32) 3+£09 5+0.8 1415 18+1.2
H + G + Sunits (31, 32) 20 £3.6 3625 82£3.2 109 £ 4.7
H:G:S 0:85:15 0:86:14 0:83:17 0:83:17
All units H units 104 1+0.2 1+0.1 1+0.2
G units 59£2.1 126 £ 6.8 762 =105 746 =134
S units 2217 47£51 287 5.9 294 +11.8
H + G + S units 82x4.1 174 £12.6 1050 = 15.1 1041 =185
H:G:S 1:72:27 1:73:26 1:72:27 1:71:28
Ratio of all aldehyde/all units 0.83 0.88 0.89 0.91

nd: not detected; tr: traces; cellulase: cellulase pretreatment of plant tissue.

AcBr, NBO and thioacidolysis analyses were on either cell wall residues (CWR) or isolated lignins/poly-p-hydroxycinnamaldehydes from 8 week
0ldWT and CAD double mutant plants. For each analysis, the values represent the mean + standard error of two independent determinations measured

in duplicate.

Acetyl bromide analyses. The acetyl bromide (AcBr) 50 were in excess of >110%. The data obtained using the 20.09

method is generically used by many researchers to estimate
lignin contents in various plant cell wall residues (CWR). In
this method, samples are treated with a reaction mixture
consisting of 25% AcBr by volume in glacial acetic acid
containing 4% of perchloric acid, with “lignin” estimations
determined by measurement of the UV absorptivity (A, 280
nm) of the corresponding solubilized material. An extinction
coefficient 0f20.091g™ em™! (liyama & Wallis, 1988, 1990)
has long been generically employed for such lignin estima-
tions, but this does not take in the account differences in
extinction coefficients of lignins with varying H, G and S
compositions in different plant lines, and/or the presence of
any other interfering chromophores. When applying this
generic extinction coefficient to the analyses of the WT lignin
enriched isolates, “lignin” contents of 84% were obtained,
whereas with the CAD double mutant isolates, the values

60

65

1 g7! em™ extinction coefficient were thus considered as

being potentially unreliable.

In order to attempt to more accurately determine the AcBr
values for each isolate from the WT and the double mutant,
the AcBr extinction coefficients were next individually deter-
mined (A, 280 nm). This gave estimated values of €,,,=17.85
1g7! cm™ for the WT lignin isolates, and €,,=23.61 1 g™*
cm™" for the CAD poly-p-hydroxycinnamaldehyde isolates.

As noted earlier, for both WT lignin isolates, the alkaline
NBO and thioacidolysis procedures had given very similar
estimated monomeric H:G:S ratios of 1:85:14 and 1:83:16.
The AcBr extinction coefficient, based on these monomeric
ratios, was then next theoretically calculated using the AcBr
extinction coefficients previously obtained for purified H, G
and S enriched lignin isolates, i.e. (H) 15.31, (G) 18.61 and
(S)14.61 1g7! em™ (Cardenas et al., manuscript submitted).
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In this way, an AcBr extinction coefficient of 17.98 1g~! cm™
was theoretically calculated according to the monomeric
composition (obtained by thioacidolysis) of the WT lignin-
enriched lignin isolates. This calculated value was thus in
very good agreement (99.3%) with that experimentally deter-
mined. Using either of these extinction coefficient values, the
estimated AcBr lignin contents for 8 week old (mature) WT
stem tissue were ~20.8% for the cell wall residue (CWR) and
~48.7% for the cellulase degraded material as well as ~99%
for the isolated lignin preparation (Table 1). [Note: we are
aware that the ~99% lignin purity of the isolate is slightly
over-estimated, since such preparations generally contain
~5-8% of non-lignin impurities, e.g. as noted in the NMR '*C
spectra (FIG. 30a)].

In an analogous manner, using the experimentally deter-
mined AcBr extinction coefficient of €,4,~23.61 1 g7 cm™
for the poly-p-hydroxycinnamaldehyde isolates together
with that of the monomeric compositions estimated by thio-
acidolysis, it was also possible to theoretically calculate an
AcBr extinction coefficient for the poly-aldehydic compo-
nent alone, i.e. by subtracting the absorbance due to the
H:G:S monolignol-derived units. As indicated above, based
on the thioacidolysis data, the monolignol-derived moieties
28-30 and the aldehyde derived constituents 31, 32 and 35-38
were present in a ~9:1 ratio. This correction thus gave a
theoretically calculated AcBr extinction coefficient
of €,4,=24.83 1g~" cm™ for the poly-p-hydroxycinnamalde-
hyde. Based on both extinction coefficients, the poly-p-hy-
droxycinnamaldehyde/lignin contents for the double mutant
line were estimated as follows: ~11.3% in the extractive-free
cell wall residue (CWR) of 8 week TABLE 6).

Lignin contents, releasable monomeric compositions and
inter-unit linkage frequencies. The lignin and poly-p-hy-
droxycinnamaldehyde contents, as well as the monomeric
compositions, of the extractive-free cell wall residues (CWR)
from the WT and CAD double mutant lines were next esti-
mated at different developmental stages, i.e. from 3.5 to 10
weeks (FIGS. 34a-f). For comparison purposes, the thioaci-
dolysis and AcBr data obtained herein were also compared to
data previously reported for various WT and other putative
cad mutant Arabidopsis lines (F1G. 34g), with these being
ostensibly harvested and analyzed at plant maturation (see
Eudes et al., 2006, disscussed below) (Note that, in general,
the H:G:S ratio and amounts in the CWR’s of both WT and
CAD double mutant lines had higher S contents than that of
the lignin and poly-p-hydroxycinnamaldehyde isolates,
indicative of hydrolytic changes occurring during the isola-
tion protocols (TABLE 6)).

For the WT line in this study, lignin contents were again
estimated using AcBr extinction coefficients calculated
according to the thioacidolysis-derived monomeric composi-
tions determined for each sample. The AcBr lignin contents
thus increased rapidly during the stem “bolting™ stage until
reaching maximum levels close to maturation (>6 wks) (FIG.
34a) as previously reported for other WT Arabidopsis
ecotypes, i.e. Landsberg erecta (Patten et al., 2005) and
Columbia (Cardenas et al., manuscript submitted). The
amounts of alkaline nitrobenzene oxidation (NBO) 22-27
(FIG. 34b) and thioacidolysis 28-32 (FIG. 34c) releasable
monomers also followed the same trends, again increasing
linearly with lignin deposition (FIGS. 34e and f). These trends
were thus in good agreement with values previously obtained
for Arabidopsis Landsberg and Columbia lines. Recoveries
of degradation products 22-27 and 28-32, relative to esti-
mated lignin contents, were ~24 to 27 (NBO) and ~23%
(thioacidolysis).
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In an analogous manner, the AcBr values from the CAD
double mutant lines were obtained at the same sampling time
points, with poly-p-hydroxycinnamaldehyde and lignin con-
tents computed based on their relative aldehydic and mono-
lignol contents and ratios (9:1), i.e. using €,5,=24.83 1 g™*
cm™ for the estimated AcBr extinction coefficient of the
poly-p-hydroxycinnamaldehyde component, and the theo-
retically calculated AcBr extinction coefficients (15.31 for H,
18.61 for Gand 14.61 1g~" cm™* for S units) for the lignin (see
Section 2.3.5.3). These data thus also established a progres-
sive, albeit attenuated (relative to the WT line), increase in
phenolic deposition which reached maximum values at ~6-8
weeks growth/development (FIG. 34a). For alkaline NBO
analyses with the double mutant, the data so obtained showed
a relatively rapid increase in monomer release from 3-6
weeks until reaching maximum values (FIG. 345). However,
in the CAD double mutant, there was only ~36% of the
monomer amounts released relative to that from the WT lines
at maturation, i.e. in accordance with the much lower poly-
p-hydroxycinnamaldehyde/lignin contents. Based on the
absorptivity values, the maximum levels of phenolics in the
CAD double mutant CWR were ~11.3% or about half of the
WT lignin content (~22.5% for WT).

Using degradative thioacidolysis analyses, the monomeric
products released from the CAD double mutant CWR were
now largely the indene derivatives 35-38 with minor amounts
of'end group aldehydes 31/32 and monolignol-derived 28-30
entities (FIG. 34d). Nevertheless, the data displayed the same
overall trend as for the NBO analyses, i.e. an increase from
3-6 weeks until reaching a maximum value, with, in this case,
overall amounts being ~27% of those from the WT lines (FIG.
34c¢). Recoveries of products 28-32 and 35-38, relative to the
estimated poly-p-hydroxycinnamaldehyde and lignin con-
tents, were estimated to be ~22% and thus similar to that for
the WT line above.

Finally, the total amounts of products released by NBO and
thioacidolysis degradative analyses for both the WT and the
double mutant CWR’s were plotted versus that of each AcBr
lignin/AcBr phenolic content (FIGS. 34e and f).

Discussion of this Example 4

Evolutionary implications and technological limitations in
lignin analyses. The generally accepted biochemical entry
point into the monolignol/lignin pathway is the essential
amino acid Phe, which during the course of vascular plant
evolution from their aquatic forerunner beginnings (~430
million years ago) (Bolwell et al., 2001), was utilized as the
carbon skeleton for a vast array of downstream phenylpro-
panoid pathway products. These downstream metabolic pro-
cesses thus involved deamination, hydroxylation, methyla-
tion, and various reductive transformations, thereby affording
the various monolignols 1, 3 and 5, and ultimately the lignins
found in the ~350,000 distinct vascular plant species extant
today (for areview see Lewis etal., 1999; Anterola and Lewis,
2002). Significantly, based on decades of lignin analyses
using a very large number of vascular plant species (Sarkanen
and Ludwig, 1971), it was already by then very well estab-
lished that there was a very strong evolutionary pressure for
lignin macromolecular configuration from the three monoli-
gnols 19, 21 and 23, as well as, to a lesser extent, from the
closely related p-hydroxycinnamate monolignol ester deriva-
tives in grasses (Lewis and Yamamoto, 1990). However, these
studies gave no insight into how control over lignin macro-
molecular configuration was achieved.

Based on the above trends, it was thus quite unlikely that
lignin macromolecular configuration, from either structural
and/or physiological function perspectives, could be
adequately duplicated and/or substituted through surrogate
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monomeric phenol replacement, ie. such as had been
reported earlier with the p-hydroxycinnamic acids 4-8,
2-methoxybenzaldehyde (76), feruloyl tyramine (78) deriva-
tives and others including acetosyringone (77) (Ralph et al.,
1997; 1998; 2004a; Boudet, 1998). Such reports, however,
either gave no quantification data in support of these conten-
tions and/or could not be confirmed in independent analyses
(Anterola and Lewis, 2002; Laskar et al., 2006). The findings
in this Example, which now demonstrate a very limited
capacity for poly-p-hydroxycinnamaldehyde placement in
the cell wall, thus shed incisive light as to why monolignol-
derived lignification has evolved as such a potent selection
force. That is, this study provides useful insight as to why
lignin macromolecular configuration, in terms of being
monolignol-derived, is very highly conserved thoughout the
plant kingdom. More specifically, the Arabidopsis CAD
double mutant described herein has now also provided an
excellent opportunity to begin to comprehensively investigate
macromolecular lignin assembly and the various effects on its
disruption.

Overall gross growth/developmental trends and losses in
biomechanical tissue properties: implications for commercial
cultivars. The physiological effects of the CAD double muta-
tion were very striking (FIG. 26a). While this resulted in a
significant reduction in both “bolting” stem lengths and diam-
eters (by 25 and ~15%) (FIGS. 265 and 26c¢), there was more
importantly a significant loss in overall stem structural integ-
rity properties (FIGS. 264 and 26¢). That is, the storage and
tensile loss moduli for the mutant “stem” tissues were greatly
reduced (by ~50%) relative to that of the WT line, with the
physiological consequences being that the mutant became
essentially prostrate (FIG. 26q). It is not possible at this time
to gauge from these analyses, however, the exact contribution
of'each of the various cell wall biopolymers (lignin, cellulose,
hemicellulose, cell wall proteins) to the overall stem tissue
mechanical properties. It is evident though that formation of
only ~10% of the monolignol-derived lignin (relative to WT
ona per lignin/poly-p-hydroxycinnamaldehyde weight basis)
at maturation (TABLE 6), and the limited deposition of other
phenolics i.e. the p-hydroxycinnamaldehydes 6-10 (dis-
cussed below), were insufficient to restore and/or duplicate
the original WT stem material properties/structural integrity.
Moreover, it was established by Applicants that both AtCAD4
and AtCADS were also expressed in various organs and cell
types other than stem tissues (i.e. leaf trichomes, leaf hydath-
odes, leaf vasculature, various floral organs, siliques, root
tissues and so forth); these findings thus suggest that their
structural integrities will also be adversely affected.

From a physiological function perspective, it must also be
considered that the plant lines analyzed herein were grown
under highly favorable and controlled growth chamber/
greenhouse conditions, which are unlikely to be duplicated in
the wild. That is, the reductions in vascular tissue structural
integrity observed herein may be less useful traits when such
plant lines are subjected to the environment (wind, rain, snow,
heat/cold, etc.). Furthermore, these lines may also be more
prone/susceptible to pathogen attack, particularly since the
vascular apparatus is often the main target. Moreover, with
the current emphasis on reducing lignin contents in vascular
plants, e.g. for improved bioethanol, wood, pulp and paper
production, etc., it is clear that such effects may impact the
potential for lignin biotechnological modification from a
commercial cultivar standpoint. These are important aspects
to evaluate when considering applications involving usage of
large swaths of agricultural, forest or marginal lands to harbor
such lignin modified crops.
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The results obtained in this Example are also consistent
with previous investigations using other CAD mutants and/or
CAD down-regulated lines i.e. in terms of impaired/compro-
mised structural integrity of stem tissues. For example, in
maize, the main disadvantages of CAD mutations known for
nearly 70 years—but currently largely overlooked by many
researchers—have likely affected practical commercial con-
siderations. The limitations reported have included lowering
of grain/silage yield, increased lodging susceptibility, poor
early season vigor, delayed flowering and delayed early sea-
son growth rates (Weller et al., 1985; Gentinetta et al., 1990).
In addition, in loblolly pine, the CAD mutant (together with
unknown mutations) displayed various growth/developmen-
tal and structural disadvantages (L. Pearson, Westvaco, per-
sonal communication) which to Applicants’ knowledge has
retarded commercial application at present. Furthermore, in
poplar, CAD down-regulated lines displayed compromised
biochemical properties indicative of vascular apparatus
weakening (Huang et al., 1999). Similar conclusions were
made with CAD downregulated tobacco, which resulted in
reductions in longitudinal tensile modulus properties (Hep-
worth and Vincent, 1998). These reports thus underscore the
practical considerations when considering potential commer-
cial utilization, and thus relate to the level of vascular appa-
ratus modification that can be achieved while maintaining
acceptable structural properties.

The limited utility of histochemical analyses. The staining
reactions observed when individually using phloroglucinol-
HCl and the Maule reagent were of limited utility. While the
first reagent can react with p-hydroxycinnamaldehyde end
groups 14-18, the procedure is not suitable for quantification.
Moreover, the staining using phloroglucinol-HCI gave quali-
tatively similar results for both WT and CAD double mutant
lines (FIG. 27g-/). A somewhat comparable situation existed
for the Méule reaction which also gave fairly similar levels of
staining for both lines (FIGS. 27m-r), even though the double
mutant had an increased S-level relative to WT.

Most striking was the red pigmentation in the CAD double
mutant, this being readily removed by treatment with 0.5%
HCl in MeOH as demonstrated earlier (Laskar et al., 2007),
i.e. under similar conditions as for anthocyanin extraction
(Andersen et al., 2004). This suggests that the small amounts
of p-hydroxycinnamaldehydes 16 and 18, resulting in cell
wall pigmentation, are not covalently linked, but are instead
“misplaced” and adsorbed onto the cell wall, e.g. following
apoptosis to generate the intense pigmentation observed. As
noted by Laskar et al. (2007), the pigment co-elutes with the
parent molecule, sinapyl aldehyde (10), when subjected to
polyamide TLC purification.

Effects on carbon allocation and metabolic flux. A quite
striking observation is that the overall phenolic content of the
CAD double mutant was reduced by ~50% relative to WT,
with the releasable monomers (through presumed 8-O-4'
linkage cleavage) also being significantly reduced by ~63 and
73% for alkaline NBO and thioacidolysis (FIGS. 34a-c).
These data thus clearly demonstrate that phenolic (biopoly-
mer) carbon allocation to the cell walls was greatly attenu-
ated. This is of interest given that previous metabolic flux
analysis studies had indicated that CAD, under “normal”
physiological conditions, had neither regulatory nor key roles
in carbon allocation in the monolignol forming pathway (An-
terolaetal., 1999;2002). This is in contrast to other assertions
that CAD was a key enzyme (Baucheretal., 1996). Of course,
any biochemical step becomes “rate-limiting,” or “key”, if
essentially eliminated as has largely occurred with the CAD
double mutant.
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In general, CAD down-regulation in various plant species
apparently had no deleterious effects on overall “lignin” con-
tents in transgenic antisense/sense lines as determined by
Klason, AcBr and thioglycollic acid (TGA) analyses (see
Anterola and Lewis, 2002). However, all of the prior data
obtained with tobacco (Halpin et al., 1994; Hibino et al.,
1995; Yahiaoui et al., 1998), poplar (Baucher et al., 1996;
Lapierre et al., 1999) and alfalfa (Baucher et al., 1998) had
employed generic approaches for quantification (discussed in
detail below in Section 3.5.1). Furthermore, in the Anterola
and Lewis (2002) review, it was noted that there were most
likely reductions in lignin contents proper when CAD down-
regulation occurred, e.g. since overall biophysical/chemical
properties of the tissues were deleteriously affected.

The data in this Example now establishes that additional
factors influence carbon allocation to the pathway inthe CAD
double mutant, which may result from either: transcriptional
regulation; substrate/product/pathway intermediate feedback
inhibition and/or perception of a failure to obtain the needed
cell wall biopolymeric properties. The main point of interest
is that there was no compensatory replacement for macromo-
lecular lignin configuration by seamless insertion of other
non-lignin moieties (poly-p-hydroxycinnamaldehydes) or
indeed of any other entities. By contrast, the limited deposi-
tion of the poly-p-hydroxycinnamaldehyde moieties was
aborted at a very early stage of monomer cleavable 8-O-4'
substructure formation (FIGS. 34¢ and f). This suggests that
there is a regulatory “checkpoint” beyond which such pro-
cesses, if futile, can not be sustained. Thus, taken together,
this resulted in generation of rather structurally defective
plants, whether from either a reduced carbon allocation and/
or structural integrity perspective. These findings thus con-
trast with other reports that proposed seamless replacement of
non-monolignol components (Ralph et al., 1997; 2004a).
Specifically, the findings in this Example now place further
emphasis on the importance of lignin structure, and that per-
fectly viable plants are not always produced upon monolignol
pathway manipulation.

Lignins and Other Cell Wall (poly)phenolics: Evidence for
Monomer Degeneracy During Template Polymerization:

Quantification of lignin amounts by Klason and acetyl
bromide analyses: Current limitations and technological
advances. This Example also brings to the forefront once
again the serious technological challenges that continue to
severely limit investigations in the lignin field, as well as that
ofrelated polyphenolic analyses, i.e. when routinely applying
so-called “standard” techniques, such as generic Klason/
AcBr/thioglycollic acid lignin determinations, and other deg-
radation methodologies, e.g. thioacidolysis.

Of these, the two most widely utilized protocols for cur-
rently estimating gross lignin contents are the Klason and
AcBr methods. The first method, while generally applicable
to mature woody plant material, has long been known to have
substantial limitations when generically applied to both her-
baceous and immature woody tissues (discussed in (Anterola
and Lewis, 2002, and references therein). Yet, it is still rou-
tinely applied. One example of its unreliability is that of the
report of “lignin” contents in immature (approximately one-
year old) poplar stems (Populus tremula x Populus alba), with
these being as high as ~32% (Huntley et al., 2003), whereas
other research groups analyzing 3 month and 2 year old
poplar indicated that the levels were ~20% (Van Doorsselaere
et al., 1995; Lapierre et al., 1999; Jouanin et al., 2000) Such
values (~32%) fall well outside the ranges expected, since it is
established that mature poplar wood tissues have lignin levels
~18-21% (Sarkanen and Hergert, 1971). If lignin determina-
tions can be overestimated by up to nearly 80% as would
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appear from the Huntley et al. (2003) report, it is unlikely that
such approaches are going to identify meaningful trends in
lignin deposition/composition and assembly proper. Similar
concerns about the unreliability of thioglycollic acid lignin
determinations (Lee et al., 1997) have also been noted and
critically evaluated (Anterola and Lewis, 2002).

The AcBr method has also been generically applied to
numerous lignin determinations, using an extinction coeffi-
cient of €,4,=20.09 1 g=* cm™" (liyama and Wallis, 1990;
Dence, 1992). This method, however, does not take into
account the changes in extinction coefficients due to varia-
tions in lignin monomeric H, G and S compositions. As noted
in this, and in a previous investigation using H, G and S
enriched lignin isolates, the best current estimates of the
actual extinction coefficients (A, 280 nm) are (H) 15.31, (G)
18.61 and (S) 14.61 1 g=* cm™ for each (Cardenas et al.,
manuscript submitted). Thus, taking the approach of estimat-
ing monomeric compositions at a particular stage of growth
and development, it was possible in this Example to begin to
make improved estimates of the actual lignin amounts, i.e.
using the extinction coefficients and adjusting for monomeric
compositions. (Applicants are, of course, cognizant that these
values may be slightly revised upwards, since the methodolo-
gies currently in place to isolate lignins can result in ~5-8% of
non-lignin impurities).

Inthe case of the poly-p-hydroxycinnamaldehyde enriched
isolates, however, there was also an increase in overall absor-
bance at A 280 nm due to the increased levels of the more
highly conjugated p-hydroxycinnamaldehyde components.
Hence, by using the experimentally determined values of
€,00=24.83 1 g7! em™! for the poly-p-hydroxycinnamalde-
hyde and those above for the lignin component, the total (cell
wall) phenolic contents for the CAD double mutant at 8
weeks old plants were estimated to be ~11.3% (=~50% of WT
level).

Alkaline nitrobenzene oxidation/thioacidolysis analyses:
evidence for monomer degeneracy during template polymer-
ization? As described herein, the study of the cleavage and
frequency of presumed 8-O-4' inter-unit linkages, leading to
monomer release, was most instructive from several perspec-
tives. First, in the WT line, there was a linear correspondence
between monomer release and AcBr lignin content, with a
very similar trend (albeit highly attenuated in overall
amounts) noted for the releasable monomers (indene, p-hy-
droxycinnamaldehyde end-groups, monolignols) from the
CAD double mutant (FIGS. 34¢ and f), assuming, of course,
that cleavage of all monomeric releasable linkages are fully
accounted for. In the latter case, these are derived from the
styryl-O-aryl ethers (such as in substructure VIII-1-4, FIGS.
30e and 31d). Accordingly, the model compounds 95 and 96
(FIG. 33) were synthesized and then converted into authentic
thioacidolysis products 97-100 for calibration purposes, with
the assumption that the yields/recoveries obtained for the
different reactions/isolation procedures reflected similar pro-
cesses occurring during lignin and poly-p-hydroxycinnama-
Idehyde deconstruction.

This same approach was not taken in two other studies of
the CAD double mutant (Sibout et al., 2005; Eudes et al.,
2006), and only the monolignol-derived thioacidolysis prod-
ucts 90-91 were apparently used for calibration purposes. In
any event, the indene derivatives 97-100 were estimated to
apparently account for just ~0.12% ofthe CWR analyzed. By
contrast, using the authentic standards in the study herein, the
amounts of the indene products, etc., being formed were
determined to be roughly an order of magnitude higher (~9
times) and which corresponded to ~16% of the poly-p-hy-
droxycinnamaldehyde isolates.
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Secondly, as noted in our previous studies (Anterola and
Lewis, 2002; Patten et al., 2005), the plots of amounts of
cleavable monomer release versus either lignin or phenolic
(poly-p-hydroxycinnamaldehyde/lignin) contents did not
intercept at the origin of the X-axis for either plant line. That
is, the abscissa was displaced away from the origin on the
X-axis to a point roughly corresponding to either ca ~5%
AcBr/lignin (WT) or ~5% AcBr phenolic (CAD double
mutant) deposition (FIGS. 34e-g). Significantly, however, the
detection of cleavable monomers for both WT and CAD
double mutant lines occurred at apparently equivalent
growth/developmental stages, i.e. suggesting that essentially
similar assembly/deposition processes were being attempted
to be duplicated.

This initial deposition stage of UV-absorbing material is
often referred to as H-enriched “condensed” lignin, and is
considered to contain non-cleavable carbon-carbon linkages
(e.g. 3-3', 5-5'") rather than cleavable (i.e. monomer releas-
able) 8-O-4' linkages. It is currently unknown, however, as to
whether this “early” stage of presumed lignin deposition con-
tains other 8-O-4' inter-unit linkages that do not release
monomeric products upon cleavage. The intercept at ca ~5%
AcBr/lignin (WT) or ~5% AcBr phenol, which represents the
point of initial detection of (monomer cleavable) 8-O-4' link-
ages in both cases, gives no insight at present as to whether
there is either a gradual or an abrupt structural demarcation
between both early and later stages of lignin/(poly-p-hy-
droxycinnamaldehyde) deposition. Yet beyond this early
stage and until macromolecular lignification configuration
has either been completed and/or poly-p-hydroxycinnamal-
dehyde deposition is prematurely aborted, there was a clear
linear correlation between (monomer cleavable) 8-O-4' inter-
unit linkage frequency and lignin/phenolic contents in both
cases. Furthermore, by subtracting the initial “5% AcBr lig-
nin” amounts in the WT line, the cleavable subset of monomer
releasable 8-O-4' inter-unit linkages in the later stages
accounted for up to ~42 to 44% of'the macromolecular lignin
being laid down. In an analogous manner, by subtraction of
the initial 5% AcBr phenolic content in the CAD double
mutant line, the overall product recoveries at the point of
termination of poly-p-hydroxycinnamaldehyde deposition
were ~37 to 39%, i.e. in very good agreement with the WT
value.

Thirdly, the data obtained indicated that the overall 8-O-4'
inter-unit linkage frequencies were conserved in the CAD
double mutant relative to that of the WT line, i.e. both lines
gave equivalent amounts of releasable monomers per gram of
estimated  lignin/poly-p-hydroxycinnamaldehyde. Thus,
these comparable 8-O-4' inter-unit linkage frequencies in
both lines may suggest a very limited monomer degeneracy of
p-hydroxycinnamaldehydes 14-18 for monolignol template
polymerization. It is perhaps significant, however, that the
CAD double mutant also retained the ability to form circa
10% of cleavable monolignol-derived moieties 90-92 relative
to WT, which could be detected at each sampling point (FIG.
344d). One possibility to consider is that as primary (monoli-
gnol-derived) lignin chains are first laid down, these then
provide a pre-formed lignin backbone for further template
replication (Guan et al., 1997; Sarkanen, 1998). That is, the
p-hydroxycinnamaldehyde moieties can be envisaged to par-
tially replace the aligning/aligned monolignol 19, 21 and 23
(radicals) during subsequent template polymerization, e.g. on
the lignin backbone (Chen and Sarkanen, 2003; Davin and
Lewis, 2005). Alternatively, the p-hydroxycinnamaldehydes
14, 16 and 18 can participate in a proteinaceous guided
assembly stage to a limited extent, thereby forming the pri-
mary chains for subsequent replication. Furthermore,
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because of the extended conjugation with the p-hydroxycin-
namaldehydic end group, the proton at carbon-8 is more
readily abstracted thereby affording the corresponding styryl-
O-aryl ether products (8-O-4' inter-unit linkages, substruc-
ture VII-1-4, FIGS. 30e and 31d) rather than the typical 8-O-
4' inter-unit linkages in substructure I (FIG. 30e). Yet, this
process apparently can only continue up to about the equiva-
lent of ~50% “lignin” deposition (relative to WT), which
corresponds to ca 36% of monomer cleavable §8-O-4' inter-
unit linkages in the lignins proper.

Interestingly, the poly-p-hydroxycinnamaldehyde-derived
monomers released also had significantly higher levels of
sinapyl aldehyde (18) derived moieties, relative to that in the
WT line, although the reasons for this are as yet unknown.

Thus, whether aborting this process in the poly-p-hydroxy-
cinnamaldehyde (CAD double mutant) reflects the organ-
ism’s perception of the structural imperfections resulting
from deficits in cell wall macromolecular lignin configuration
proper and/or through some form of feedback inhibition/
transcriptional control within the cells, cannot yet be gauged
at this point. We interpret these data as most likely indicating,
however, that the template polymerization process is a highly
restricted attempt to use p-hydroxycinnamaldehydes to pre-
serve native lignin configuration, i.e. which continues briefly
until the failure/checkpoint level is reached. It is evident,
however, that there is no seamless replacement of monolignol
monomers 19, 21 and 23, and that the CAD double mutant has
a significantly compromised structural integrity. Hence, this
may simply reflect the organism attempting—in a limited
way—to form a biopolymer with the same inter-unit lignin
linkages as lignins proper, i.e. through limited monomer
degeneracy during template chain replication as described
above. On the other hand, the failure to complete this process,
and the structural deficits introduced, again underscore the
strong selection pressure that terrestrial vascular plants have
evolved to afford lignins proper and not the structurally infe-
rior poly-p-hydroxycinnamaldehydes noted herein.

Fourthly, recent studies by Eudes et al. (2006) examined
various WT and knockout lines of other putative members of
the AtCAD gene family i.e. AtCAD1-3 and AtCAD6-9 whose
precise physiological roles still await to be determined (Kim
etal., 2007). Interestingly, these researchers had reported that
the various plant stem samples were considered to be ana-
lyzed at maturity. On the other hand, the Klason lignin values
reported for the mature stems (see FIG. 10g, symbol black
triangles for WT and gray triangles for cad mutants) had
values ranging from 15.4 to 20.3%. When these data were
next plotted herein against the amounts of monolignol releas-
able components for each line as above, together with our
own data, the trends observed were in agreement with the
observations made above. It appeared that the plant lines in
the Eudes et al. (2006) study were thus harvested at varying
stages of growth/development, with only a few at maturation.
Nevertheless, at least for Arabidopsis, the Klason lignin
determinations corresponded fairly closely to that of our
modified AcBr lignin/polyphenol analyses. More impor-
tantly, it was quite striking that similar trends for all sets of
data were evident for the monolignol-derived cleavable 8-O-
4' inter-unit linkage frequencies when plotted in this manner
(FIG. 34g), i.e. in terms of both displacement of the abscissa
and in amounts of monolignol-derived moieties being
released. These data thus again underscore the necessity in
examining plant lines at various stages of growth and devel-
opment, rather than the single point analyses that have gen-
erally become routine for many investigations in this field.

NMR spectroscopic analyses of the poly-p-hydroxycinna-
maldehyde-enriched isolates and comparison to lignins
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proper. The application of NMR spectroscopy, as for the
alkaline NBO and thioacidolysis degradation analyses, pro-
vided useful, albeit still incomplete, structural information
for the isolates examined. This is because the current limita-
tions of NMR spectroscopic analyses include the inability to
readily probe lignin primary structure, as well as the inability
to identify, detect and accurately quantify all of the various
inter-unit linkages present; for example, there were various
substructures tentatively identified in the poly-p-hydroxycin-
namaldehyde isolates herein (unpublished observations)
which await full synthetic verification.

Assuming, however, that there is some limited capacity for
monomer degeneracy during template polymerization, then
an attempted formation of the same inter-unit linkages and
frequency as for macromolecular lignin configuration might
be anticipated, i.e. to afford 8-O-4', 8-5' linkages and others—
at least to the extent possible. That this has occurred was
readily demonstrable, at least for the 8-O-4' inter-unit link-
ages which contained G-G, S-G, G-S (like) and S—S (like)
bonds in amounts corresponding to those in lignins proper,
and also presumably for the 8-5' inter-unit linkages as well.
However, this continued only to a relatively earlier stage
(~50%) of phenolic deposition when compared to that of
lignification proper as described above.

Interestingly, various previous studies of both CAD down-
regulated tobacco and pine, (Ralph et al., 1997; Chabannes et
al., 2001) had reported that the 8-5' benzofuran linkages (=
substructures IX) were absent (Kim et al., 2003). In the study
herein, however, evidence for 8-5' linkage formation in the
poly-p-hydroxycinnamaldehyde isolates was readily
obtained (FIG. 31e, substructure IX). Indeed, such structural
motifs had previously been noted in various lignans (e.g.
compound 79) (Yang et al., 1991), and further verification of
their presence in the poly-p-hydroxycinnamaldehyde isolates
was also achieved by comparison of spectroscopic features
with that of synthetic compound 80.

Applicants findings thus also substantially differ from that
observed with the synthetic dehydropolymerizates obtained
from coniferyl aldehyde (16) and coniferyl alcohol (21),
whereby 8-5' linkages were readily detectable as substruc-
tures XIV and XV (Kim et al., 2003). The existence of the
fully conjugated substructure IX in the poly-p-hydroxycin-
namaldehyde isolates, and how they differ from the corre-
sponding entities in synthetic dehydropolymerizates, may in
future provide additional insight into how the true lignin-
forming machinery is operative in planta. That is, this may
also provide insights into the processes that are occurring
leading to oxidation of the 7-8 double bond when the alde-
hydes 14, 16 and 18 are translocated into the cell wall(s), and
the significance of same.

In further contrast to previous studies of CAD-downregu-
lated plants (tobacco or pine) (Kim et al., 2003), as well as
synthetic poly-p-hydroxycinnamaldehyde dehydropolymer-
izates (Connors et al., 1970; Russell et al., 2000), none of the
8-8' p-hydroxycinnamaldehyde substructures XII and XIII
could unambiguously be identified in the poly-p-hydroxycin-
namaldehyde isolates either. On the other hand, excluding
their near absence under the conditions employed, several
other putative aldehyde correlations were observed but which
remain unassigned in the present study (FIG. 31¢); these will
be the subject of future investigations. Additionally, limita-
tions in the application of the NMR spectroscopic analyses
were such that the small levels of substructures 1I-V could not
be detected, nor 8-1' diphenyl linkages, etc. (FIG. 304).

Summary of this Example. As regards this particular inves-
tigation, there has been much discussion on the potential of
modifying lignin contents and compositions for various pur-
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poses including optimizing: carbon sequestration; animal
feed/forage digestibility; lumber properties and pulp/paper
manufacture; plant material as a source of biofuels (including
ethanol). It was thus instructive to comprehensively examine
the 4. thaliana (ecotype Wassilewskija) double mutant cad-4
cad-5 (cad-c cad-d) (Sibout et al., 2005) as regards effects on:
plant growth and development, overall morphology, vascular
apparatus integrity/biomechanical properties, disruption of
lignification proper, as well as the chemical/physical proper-
ties of the predominantly poly-p-hydroxycinnamaldehyde
formed in small amounts instead of lignin (described herein).
Taken together, all of the findings above provide excellent
insight as to why lignin formation involves monolignol, and
not poly-p-hydroxycinnamaldehyde, polymerization. That s,
lignin macromolecular configuration proper was disrupted
through formation of the (non-monolignol) p-hydroxycinna-
maldehydes with the resulting highly restricted attempt at
template polymerization leading to premature termination of
cell wall macromolecular assembly process(es). These find-
ings further help explain why the 350,000 extant vascular
plants form lignins from a very finite set of monolignol pre-
cursors to achieve the requisite structural/physiological prop-
erties. Moreover, it should be evident from this study that an
understanding macromolecular lignin configuration (i.e. in
terms of determination of lignin primary structures and the
precise mode of biochemical formation) for each stage of its
(their) deposition represents now urgent goal. The urgency
for this is exemplified by the clear trends being noted in both
lignin/phenol deposition and the conserved inter-unit fre-
quencies in same. Finally, the findings place further restric-
tions on random (combinatorial chemistry) coupling, which
are rationalized herein as a controlled template assembly with
limited monomer degeneracy.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 22
<210> SEQ ID NO 1

<211> LENGTH: 927

<212> TYPE: DNA

<213> ORGANISM: Larrea tridentate

<400> SEQUENCE: 1

atggcacaga agagcaagat tttgatcatt ggaggcactg gctatattgg caaattcgtt

60
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104

-continued
gttgaagcaa gcgctaagge tggecgtect acctttgcat tagttagaga aagcactgtt 120
tctgacccetyg ttaaaggaaa gettattgca aacttcaaga atttgggtgt caatattcte 180
catggagatc tcaatgatca cgagagctta gtgaaggcaa ttaagaaggt ggatgtggte 240
atttctacag taggcaactt tcagatagct gatcaagtca agattattgce tgctatcaaa 300
gecggetggaa atgtcaagag atttttccct tcagaatttyg gaaacgacgt tgaccgaacce 360
catgctgtgg aaccagcaaa atctacattt gaaatgaagg ctcaactccyg cagaactatt 420
gaggcagaag ggatccctta cacttatgtg tcgtccaatt tetttgecgg ttatttettg 480
cctgtattgg gacaggtagg agtcactget ceccectagag acaaagtcac cattttaggg 540
gatgggaatc aaaaggctgt tttcaacaag gaagatgata ttggaacata cacaatccga 600
gectgetgatyg atccaagaac attgaataag atcctttaca ttaggectec tceggaatacce 660
tactcaatga atgagcttgt tgccctgtgg gagaagaaaa ttggcaaaac tcttgaaaag 720
acttacgttce cagaggagca gcttctaaag aacattcaag aggccgaaat accatggaat 780
gttgtgttag caatcaacca ttcegtettt gtaaagggtg atcataccaa cttcgcgatce 840
aaaccatctt tcggegtega ggcctecgag ctttatceeg atgtcaagta taccactgtt 900
gaggagtacc ttagtcagtt tgtttaa 927

<210> SEQ I
<211> LENGT.
<212> TYPE:

D NO 2
H: 308
PRT

<213> ORGANISM: Larrea tridentate

<400> SEQUENCE: 2

Met Ala Gln
1

Gly Lys Phe
Ala Leu Val

35
Ile Ala Asn
Asn Asp His
65

Ile Ser Thr

Ala Ala Ile

Phe Gly Asn
115

Thr Phe Glu
130

Ile Pro Tyr
145

Pro Val Leu

Thr Ile Leu

Asp Ile Gly
195

Asn Lys Ile
210

Lys Ser Lys Ile Leu

5

Val vVal Glu Ala Ser

20

Arg Glu Ser Thr Val

40

Phe Lys Asn Leu Gly

55

Glu Ser Leu Val Lys

70

Val Gly Asn Phe Gln

85

Lys Ala Ala Gly Asn

100

Asp Val Asp Arg Thr

120

Met Lys Ala Gln Leu

135

Thr Tyr Val Ser Ser
150

Gly Gln Val Gly Val

165

Gly Asp Gly Asn Gln

180

Thr Tyr Thr Ile Arg

200

Leu Tyr Ile Arg Pro

215

Ile

Ala

25

Ser

Val

Ala

Ile

Val

105

His

Arg

Asn

Thr

Lys
185

Ala

Pro

Ile

10

Lys

Asp

Asn

Ile

Ala

90

Lys

Ala

Arg

Phe

Ala

170

Ala

Ala

Arg

Gly

Ala

Pro

Ile

Lys

75

Asp

Arg

Val

Thr

Phe

155

Pro

Val

Asp

Asn

Gly Thr Gly
Gly Arg Pro
30

Val Lys Gly
45

Leu His Gly
60

Lys Val Asp

Gln Val Lys

Phe Phe Pro
110

Glu Pro Ala
125

Ile Glu Ala
140

Ala Gly Tyr

Pro Arg Asp

Phe Asn Lys
190

Asp Pro Arg
205

Thr Tyr Ser
220

Tyr Ile
15

Thr Phe

Lys Leu

Asp Leu

Val Val

80

Ile Ile
95

Ser Glu

Lys Ser

Glu Gly

Phe Leu
160

Lys Val
175
Glu Asp

Thr Leu

Met Asn
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106

Glu

225

Thr

Ile

Gly

Ser

Ser
305

Leu

Tyr

Pro

Asp

Glu

290

Gln

Val

Val

Trp

His

275

Leu

Phe

Ala Leu Trp Glu Lys
230

Pro Glu Glu Gln Leu

245

Asn Val Val Leu Ala

260

Thr Asn Phe Ala Ile

280

Tyr Pro Asp Val Lys

Val

<210> SEQ ID NO 3
<211> LENGTH: 927
<212> TYPE: DNA

<213> ORGANISM: Larrea tridentate

<400> SEQUENCE: 3

atggcgcaga agagcaagat

gtcgaagcaa

tttcatcacyg

catggggaca

ttttctacge

gaggctggta

catgctgtgg

gaggctgaag

cctacattgg

gatggaaata

getgttgatyg

tacacgatga

atttatgttce

gttatgttgt

gatcecgtett

gaagagtatc

<210>
<211>
<212>
<213>

<400>

Met
1

Gly

Ala

Lys

gegecaagge

ttaagggaaa

ttaatgatca

ttggtcacca

atgtcaagcg

atcccgtaaa

ggatccceca

tacagttaga

aaaaagcaat

atccacgaac

atgagettgt

cggaggacca

caatcaatca

tcggtgtgga

ttgatcaatt

SEQ ID NO 4
LENGTH: 308
TYPE:
ORGANISM: Larrea tridentate

PRT

SEQUENCE: 4

295

tttgatcatt

tggccatceg

acttgttaag

tgatagcttg

tcatataggt

atattttcct

atctgcatac

cacttatgtt

agtcaccget

attcaataag

actgaacaaa

cgecectgtygy

aattctaaag

ttecegtettt

ggctaccgag

cgtttaa

Gln Lys Ser Lys Ile Leu

5

Ser Ile Val Glu Ala Ser

20

Ala Leu Val Arg Glu Ser Thr Val

Val

Lys
50

35

40

Asn Phe Lys Asp Leu Gly

55

Lys

Leu

Ile

265

Lys

Tyr

Ile Gly
235

Lys Asn
250
Asn His

Pro Ser

Thr Thr

ggaggcactg

acctttgeat

aatttcaagg

ctaaaggcaa

gaccaacaca

tccgaatteg

agaacgaagg

tcatgcaatt

cctectagag

gaagatgata

atctcgtaca

gagaagaaaa

aacattcaag

gtaaagggtg

ctttatcctyg

Ile

Ala

25

Phe

Val

Ile Gly
10
Lys Ala

His His

Asn Leu

Lys Thr Leu

Ile Gln Glu

Ser Val Phe

270

Phe Gly Val

285

Val Glu Glu

300

gctacattgg
tggttagaga
atttaggcgt
ttaagcaagt
aagttattge
gcaatgatgt
ctcaaatccg
tetttgetgg
acaaagtcac
ttgcgactta
ttagaacacc
ttggcaaatc
agtcteegtt
atcaaaccaa

atgtcaacta

Glu Lys
240

Ala Glu
255

Val Lys

Glu Ala

Tyr Leu

caaatccatt
aagcaccgte
caatcttgte
ggatgtggtg
tgctatcaaa
ggatcgatce
cagggctatce
ttatttcctce
cattttaggg
tgcaatcaga
taaaaatacc
gettgagaag
ttcgacacaa
cttecgacatt

taccaccgtt

Gly Thr Gly Tyr Ile

15

Gly His Pro Thr Phe

30

Val Lys Gly Lys Leu

45

Val His Gly Asp Ile

60

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

927
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108

Asn Asp His
65

Phe Ser Thr

Ala Ala Ile

Phe Gly Asn

115

Ala Tyr Arg
130

Ile Pro His
145

Pro Thr Leu

Thr Ile Leu

Asp Ile Ala

195

Asn Lys Ile
210

Glu Leu Val
225

Ile Tyr Val

Phe Ser Thr

Gly Asp Gln

275

Thr Glu Leu
290

Asp Gln Phe
305

<210> SEQ I
<211> LENGT.
<212> TYPE:

Asp Ser Leu Leu Lys

70

Leu Gly His His His

85

Lys Glu Ala Gly Asn

100

Asp Val Asp Arg Ser

120

Thr Lys Ala Gln Ile

135

Thr Tyr Val Ser Cys
150

Val Gln Leu Glu Val

165

Gly Asp Gly Asn Lys

180

Thr Tyr Ala Ile Arg

200

Ser Tyr Ile Arg Thr

215

Ala Leu Trp Glu Lys
230

Pro Glu Asp Gln Ile

245

Gln Val Met Leu Ser

260

Thr Asn Phe Asp Ile

280

Tyr Pro Asp Val Asn

Val

D NO 5
H: 939
DNA

295

Ala

Ile

Val

105

His

Arg

Asn

Thr

Lys

185

Ala

Pro

Lys

Leu

Ile

265

Asp

Tyr

<213> ORGANISM: Larrea tridentate

<400> SEQUENCE: 5

atgtgcaaga

aaggcaagtt

gatattgaga

ggctettttyg

tgtgcaattt

gatgcaatca

cctgcaagaa

gtaagaaaag

getggttact

gtcctettgt

atgtacacaa

ccgectgtaa

gcaaagtact

tagctctagyg

aagtgcaaat

ctgatcatca

ctggtgteca

aagaggctgg

tggagaatgc

caattcaaga

ttCtgggtgg

taggtgatgg

tcaaagcaat

atatcttatc

aattgttgga

acatgaaaca

gttactgtca

aagtcttgtt

tattagaagc

gaatgtcaag

aatggaacct

tgctggaatt

cctgtgtcaa

caccaagaaa

agacgaccct

tcagctagaa

Ile

Gly

90

Lys

Ala

Arg

Phe

Ala

170

Ala

Val

Lys

Ile

Lys

250

Asn

Pro

Thr

Lys

75

Asp

Arg

Val

Ala

Phe

155

Pro

Ile

Asp

Asn

Gly

235

Asn

His

Ser

Thr

ggaactggat

tatgttette

tttaaggagc

aatgctgtta

catcatatat

agatttttge

ggaagagtga

ccttacacat

cctggcagea

gccatctatyg

agaactctga

gttgtgaaga

Gln Val Asp

Gln His Lys

Tyr Phe Pro
110

Asp Pro Val
125

Ile Glu Ala
140

Ala Gly Tyr

Pro Arg Asp

Phe Asn Lys
190

Asp Pro Arg
205

Thr Tyr Thr
220

Lys Ser Leu

Ile Gln Glu

Ser Val Phe
270

Phe Gly Val
285

Val Glu Glu
300

acttgggaaa

atagggcaga

aaggagctac
agctggttga
tacttcaact
cgtctgagtt
cattcgatga
atgtttetge
ttattccatc
ttgatgaaca
acaagacagt

tttgggagaa

Val Val

Val Ile
95

Ser Glu

Lys Ser

Glu Gly

Phe Leu
160

Lys Val
175

Glu Asp

Thr Leu

Met Asn

Glu Lys
240

Ser Pro
255

Val Lys

Glu Ala

Tyr Leu

gaggttggtg
gattggtgtt
tctagtgect
tgttgttata
caagctagtt
tggcacagac
caaaatggta
caattgtttt
aacagaacac
tgatatcgee
ttacataagg

attaattgga

60

120

180

240

300

360

420

480

540

600

660

720
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110

aaagagcttce

aattacgcag

gcaaactttyg

tacgtaacag

agaaaacctc

agcaagttgg

aaattggaga

tcgagcaata

<210> SEQ ID NO 6
<211> LENGTH: 312
<212> TYPE:
<213> ORGANISM: Larrea tridentate

PRT

<400> SEQUENCE: 6

Met

1

Lys

Leu

Leu

Asp

65

Cys

Leu

Leu

Glu

Ile

145

Ala

Ser

Tyr

Asp

Ile

225

Lys

Met

Gly

Glu
305

Cys

Arg

His

Ser

50

His

Ala

Lys

Pro

Pro

130

Gln

Gly

Thr

Val

Pro

210

Leu

Glu

Lys

Val

Val
290

Gln

Lys

Leu

Arg

Phe

Gln

Ile

Leu

Ser

115

Gly

Asp

Tyr

Glu

Asp

195

Arg

Ser

Leu

Gly

Cys

275

Glu

Tyr

tatatcaaag gaagactttc

actgacacat

tactatcacg

agaaggagta gaagctactc

catgaagcgt

Ser Lys Val Leu Ile

5

Val Lys Ala Ser Leu

20

Ala Glu Ile Gly Val

Lys Glu Gln Gly Ala

55

Ser Leu Val Asn Ala

70

Ser Gly Val His Ile

85

Val Asp Ala Ile Lys

100

Glu Phe Gly Thr Asp

120

Arg Val Thr Phe Asp

135

Ala Gly Ile Pro Tyr
150

Phe Leu Gly Gly Leu

165

His Val Leu Leu Leu

180

Glu His Asp Ile Ala

200

Thr Leu Asn Lys Thr

215

Gln Leu Glu Val Val
230

Gln Lys Thr Ser Ile

245

Gln Asn Tyr Ala Glu

260

Tyr Glu Gly Cys Leu

280

Ala Thr Gln Leu Tyr

295

Met Lys Arg Tyr Leu
310

<210> SEQ ID NO 7

tatttataa

Val

Ala

25

Asp

Thr

Val

Arg

Glu

105

Pro

Asp

Thr

Cys

Gly

185

Met

Val

Lys

Ser

Gln
265

Ala

Pro

Gly

10

Leu

Ile

Leu

Lys

Ser

90

Ala

Ala

Lys

Tyr

Gln

170

Asp

Tyr

Tyr

Ile

Lys

250

Val

Asn

Glu

Gly

Gly

Glu

Val

Leu

75

His

Gly

Arg

Met

Val

155

Pro

Gly

Thr

Ile

Trp

235

Glu

Gly

Phe

Ile

tagaatccat gaaagggcaa

tttgttatga gggatgtett

aactatatcc agaaattaag

Thr

His

Lys

Pro

60

Val

His

Asn

Met

Val

140

Ser

Gly

Thr

Ile

Arg

220

Glu

Asp

Leu

Glu

Lys
300

Gly

Glu

Val

45

Gly

Asp

Ile

Val

Glu

125

Val

Ala

Ser

Lys

Lys

205

Pro

Lys

Phe

Thr

Ile
285

Tyr

Tyr

Thr

30

Gln

Ser

Val

Leu

Lys

110

Asn

Arg

Asn

Ile

Lys

190

Ala

Pro

Leu

Leu

His

270

Gly

Val

Leu

15

Tyr

Met

Phe

Val

Leu

95

Arg

Ala

Lys

Cys

Ile

175

Ala

Ile

Val

Ile

Glu

255

Tyr

Glu

Thr

Gly

Val

Leu

Ala

Ile

80

Gln

Phe

Met

Ala

Phe

160

Pro

Ile

Asp

Asn

Gly

240

Ser

Tyr

Glu

Val

780

840

900

939
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-continued
<211> LENGTH: 939
<212> TYPE: DNA
<213> ORGANISM: Forsythia x intermedia
<400> SEQUENCE: 7
atgggaaaaa gcaaagtttt gatcattggg ggtacagggt acttagggag gagattggtt 60
aaggcaagtt tagctcaagg tcatgaaaca tacattctge ataggcctga aattggtgtt 120
gatattgata aagttgaaat gctaatatca tttaaaatgc aaggagctca tcttgtatct 180
ggttcttteca aggatttcaa cagtctggtce gaggctgtca agectcgtaga cgtagtaatce 240
agcgecattt ctggtgttca tattcgaage catcaaatte ttcttcaact caagettgtt 300
gaagctatta aagaggctgg aaatgtcaag agatttttac catctgagtt tggaatggat 360
cctgcaaaat ttatggatac ggccatggaa cccggaaagg taacacttga tgagaagatg 420
gtggtaagga aagcaattga aaaggctggg attcctttca catatgtctce tgcaaattge 480
tttgctggtt atttcttggg aggtctcectgt caatttggca aaattcttece ttcectagagat 540
tttgtcatta tacatggaga tggtaacaaa aaagcaatat ataacaatga agatgatata 600
gcaacttatyg ccatcaaaac aattaatgat ccaagaaccc tcaacaagac aatctacatt 660
agtcctccaa aaaacatcct ttcacaaaga gaagttgtte agacatggga gaagcettatt 720
gggaaagaac tgcagaaaat tacactctcg aaggaagatt ttttagectc cgtgaaagag 780
ctcgagtatg ctcagcaagt gggattaage cattatcatg atgtcaacta tcagggatge 840
cttacgagtt ttgagatagg agatgaagaa gaggcatcta aactttatcc agaggttaag 900
tataccagtg tggaagagta cctcaagcgt tacgtgtag 939

<210> SEQ ID NO 8

<211> LENGTH: 312

<212> TYPE: PRT

<213> ORGANISM: Forsythia x intermedia

<400> SEQUENCE: 8

Met Gly Lys Ser Lys Val Leu Ile Ile Gly Gly Thr Gly Tyr Leu Gly
1 5 10 15

Arg Arg Leu Val Lys Ala Ser Leu Ala Gln Gly His Glu Thr Tyr Ile
20 25 30

Leu His Arg Pro Glu Ile Gly Val Asp Ile Asp Lys Val Glu Met Leu
35 40 45

Ile Ser Phe Lys Met Gln Gly Ala His Leu Val Ser Gly Ser Phe Lys
50 55 60

Asp Phe Asn Ser Leu Val Glu Ala Val Lys Leu Val Asp Val Val Ile
Ser Ala Ile Ser Gly Val His Ile Arg Ser His Gln Ile Leu Leu Gln
85 90 95

Leu Lys Leu Val Glu Ala Ile Lys Glu Ala Gly Asn Val Lys Arg Phe
100 105 110

Leu Pro Ser Glu Phe Gly Met Asp Pro Ala Lys Phe Met Asp Thr Ala
115 120 125

Met Glu Pro Gly Lys Val Thr Leu Asp Glu Lys Met Val Val Arg Lys
130 135 140

Ala Ile Glu Lys Ala Gly Ile Pro Phe Thr Tyr Val Ser Ala Asn Cys
145 150 155 160

Phe Ala Gly Tyr Phe Leu Gly Gly Leu Cys Gln Phe Gly Lys Ile Leu
165 170 175
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-continued

114

Pro Ser Arg
Ile Tyr Asn
195

Asn Asp Pro
210

Asn Ile Leu
225

Gly Lys Glu

Ser Val Lys

His Asp Val

275

Glu Glu Glu
290

Glu Glu Tyr
305

<210> SEQ I
<211> LENGT.
<212> TYPE:

Asp Phe Val Ile Ile

180

Asn Glu Asp Asp Ile

200

Arg Thr Leu Asn Lys

215

Ser Gln Arg Glu Val
230

Leu Gln Lys Ile Thr

245

Glu Leu Glu Tyr Ala

260

Asn Tyr Gln Gly Cys

280

Ala Ser Lys Leu Tyr

295

Leu Lys Arg Tyr Val
310

D NO 9
H: 945
DNA

<213> ORGANISM: Ocimum basilicum

<400> SEQUENCE: 9

atggaggaaa

aatcacatgg

aattcctceca

ggagagttgg

tctgcacttyg

getgggaata

gecattgcege

gaagcaaata

tacttgctee

aagttcgega

cctagageat

gagttgattt

gaagaagaaa

atccttcact

gtggaggctt
attttegtge

<210> SEQ I

<211> LENGT.
<212> TYPE:

atgggatgaa

tgaaaggaag

agacaaccct

atgagcatga

cattcccaca

ttaagaggtt

cgttegaage

ttccttacac

geccttatga

tgaactacga

tgaatcgtgt

cgaggtggga

ttgtggeect

gtctetteat

caactctgta

acgatcctee

D NO 10

H: 314
PRT

aagcaagatt

cctcaaatta

tcttgatgag

gaaactagtt

aattcttgat

tctacegteg

actcatagag

ttatgtgtet

tccaaaagat

acaagacatc

ggtgatctac

gaaaaaaatt

cacaaaagaa

agacggagcg

tccagagttyg

accgecegget

<213> ORGANISM: Ocimum basilicum

<400> SEQUENCE: 10

His

185

Ala

Thr

Val

Leu

Gln

265

Leu

Pro

Gly

Thr

Ile

Gln

Ser

250

Gln

Thr

Glu

Asp

Tyr

Tyr

Thr

235

Lys

Val

Ser

Val

ttaatatttg

gggcacccaa

ttccaatcct

gagttgatga

cagttcaaga

gattttgggg

aggaagagga

gcaaattgcet

gagatcacgg

gggctctaca

agaccatcaa

gggaagaagt

ctgeccggage

acgatgagtt

aagttcacca

tcagcagcat

Gly Asn Lys
190

Ala Ile Lys
205

Ile Ser Pro
220

Trp Glu Lys

Glu Asp Phe

Gly Leu Ser

270

Phe Glu Ile
285

Lys Tyr Thr
300

dagggacagg

cttatgtttt
tgggtgccat
agaaagttga
tcttggagge
tecgaggagga
tgatcagaag
ttgcatcata
tttacggcac
cgatcaaagt
caaatatcat
tcaaaaagat
ccgagaatat
atgatttcaa
cgatcgatga

tttaa

Lys Ala

Thr Ile

Pro Lys

Leu Ile

240

Leu Ala
255

His Tyr

Gly Asp

Ser Val

ttacattgga
cacaaggcect
catagtcaag
tgttgtcata
catcaaggtt
cagaataaac
agccattgaa
cttcatcaac
cggggaaget
tgcaactgat
aacacagctce
tcatgtccece
acccatagca
ggagaacgat

getectegac

Met Glu Glu Asn Gly Met Lys Ser Lys Ile Leu Ile Phe Gly Gly Thr

1

5

10

15

Gly Tyr Ile Gly Asn His Met Val Lys Gly Ser Leu Lys Leu Gly His

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

945
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-contin

648 B2

ued

116

Pro Thr Tyr
35

Asp Glu Phe
50

Glu His Glu
65

Ser Ala Leu

Ala Ile Lys

Gly Val Glu

115

Ile Glu Arg
130

Pro Tyr Thr
145

Tyr Leu Leu

Thr Gly Glu

Tyr Thr Ile

195

Ile Tyr Arg
210

Arg Trp Glu
225

Glu Glu Glu

Ile Pro Ile

Ser Tyr Asp

275

Glu Leu Lys
290

Asp Pro Pro
305

<210> SEQ I
<211> LENGT.
<212> TYPE:

20

Val Phe Thr Arg Pro

40

Gln Ser Leu Gly Ala

55

Lys Leu Val Glu Leu

70

Ala Phe Pro Gln Ile

85

Val Ala Gly Asn Ile

100

Glu Asp Arg Ile Asn

120

Lys Arg Met Ile Arg

135

Tyr Val Ser Ala Asn
150

Arg Pro Tyr Asp Pro

165

Ala Lys Phe Ala Met

180

Lys Val Ala Thr Asp

200

Pro Ser Thr Asn Ile

215

Lys Lys Ile Gly Lys
230

Ile Val Ala Leu Thr

245

Ala Ile Leu His Cys

260

Phe Lys Glu Asn Asp

280

Phe Thr Thr Ile Asp

295

Pro Pro Ala Ser Ala
310

D NO 11
H: 972
DNA

25

Asn

Ile

Met

Leu

Lys

105

Ala

Arg

Cys

Lys

Asn

185

Pro

Ile

Lys

Lys

Leu

265

Val

Glu

Ala

<213> ORGANISM: Petunia x hybrida

<400> SEQUENCE: 11

atgactactg

atggtgaaag

aagaactctg

atattttatg

attgtgatat

atcaaagaag

agggtaagag

gcaactgaag

ggaagggaaa

ccagtattte

atgattctaa

gagagcttag

ctactttage

ctggtaacat

cgttaccacyg

cagcaggaat

aatattgatt

tttgggacat

gettcagett

tgaacatgat

agtgcctcaa

taagaggttt

tttccaaget

accattcaca

Ser

Ile

Lys

Asp

Arg

Leu

Ala

Phe

Asp

170

Tyr

Arg

Thr

Phe

Glu

250

Phe

Glu

Leu

Phe

Ser

Val

Lys

75

Gln

Phe

Pro

Ile

Ala

155

Glu

Glu

Ala

Gln

Lys

235

Leu

Ile

Ala

Leu

cttggagcaa

ccaacgtatg

ctcaaggaat

aaacttgttg

tatcttgaac

gttecttetyg

gttettgaca

tttgtatcety

30

Lys Thr Thr
45

Lys Gly Glu
60

Val Asp Val

Phe Lys Ile

Leu Pro Ser
110

Pro Phe Glu
125

Glu Glu Ala
140

Ser Tyr Phe

Ile Thr Val

Gln Asp Ile
190

Leu Asn Arg
205

Leu Glu Leu
220

Lys Ile His

Pro Glu Pro

Asp Gly Ala
270

Ser Thr Leu
285

Asp Ile Phe
300

ctggttatct
cctatgteat
ttgagteett
cagtgtttaa
aactcaaggt
aatttgggaa
acaagaagaa

caaattcatt

Leu Leu

Leu Asp

Val Ile
80

Leu Glu
95

Asp Phe

Ala Leu

Asn Ile

Ile Asn
160

Tyr Gly
175

Gly Leu

Val Val

Ile Ser

Val Pro
240

Glu Asn
255

Thr Met

Tyr Pro

Val His

tggaaaatat
gccattgaag
gggagtaact
agaggttgat
gattgaggce
tgaagtggat
gattaggaga

aacagcttat

60

120

180

240

300

360

420

480
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-continued
tttgttgatt atttgcttca tccacgtcaa aagagtgagc aagttaccat ttatggaagt 540
ggtgatgcaa aggctgtgtt gaactatgag gaagatgtcg cagcctacac aattaaagca 600
gcagatgatc caagggcagc aaaccgtgtc ctaattataa aaccccctaa aaacattgtc 660
tcacaattag atttggtatc ttcttgggag aaaaccactg gtagcacttt gaaaatgact 720
catatctctg aacaagaaat catcaaactc tccgagagca taaatttccc agagaacata 780
catgcatcaa tcctacacaa tatattcata gcaggagccc aactaagctt tgaacttaca 840
caggatcatg acttggaagc atcagagctc tatcctaatt acaactacac ctctgttgat 900
gaatatctca aaatttgtct ggttaaccct ccgaagccaa aattggcaac ttatgcccaa 960
ccatccactt aa 972

<210> SEQ I
<211> LENGT.
<212> TYPE:
<213> ORGAN

D NO 12
H: 323
PRT

ISM: Petunia x hybrid

<400> SEQUENCE: 12

Met Thr Thr
1

Leu Gly Lys
Tyr Ala Tyr
35

Gln Leu Leu
50

Glu Leu Ser
65

Ile Val Ile

Val Ile Glu

Ser Glu Phe
115

Gln Ala Val
130

Ala Gly Ile
145

Phe Val Asp

Ile Tyr Gly

Val Ala Ala
195

Arg Val Leu
210

Leu Val Ser
225
His Ile Ser

Pro Glu Asn

Ala Gln Leu

Gly Lys Gly Lys Ile

Tyr Met Val Lys Ala

20

Val Met Pro Leu Lys

40

Lys Glu Phe Glu Ser

55

Glu His Asp Lys Leu

70

Ser Thr Leu Ala Val

85

Ala Ile Lys Glu Ala

100

Gly Asn Glu Val Asp

120

Leu Asp Asn Lys Lys

135

Pro Phe Thr Phe Val
150

Tyr Leu Leu His Pro

165

Ser Gly Asp Ala Lys

180

Tyr Thr Ile Lys Ala

200

Ile Ile Lys Pro Pro

215

Ser Trp Glu Lys Thr
230

Glu Gln Glu Ile Ile

245

Ile His Ala Ser Ile

260

Ser Phe Glu Leu Thr

a

Leu

Ser

25

Lys

Leu

Val

Pro

Gly

105

Arg

Lys

Ser

Arg

Ala

185

Ala

Lys

Thr

Lys

Leu
265

Gln

Ile

10

Ile

Asn

Gly

Ala

Gln

90

Asn

Val

Ile

Ala

Gln

170

Val

Asp

Asn

Gly

Leu
250

His

Asp

Leu

Ser

Ser

Val

Val

75

Tyr

Ile

Arg

Arg

Asn

155

Lys

Leu

Asp

Ile

Ser

235

Ser

Asn

His

Gly Ala Thr
Leu Gly His
30

Asp Asp Ser
45

Thr Ile Phe
60

Phe Lys Glu

Leu Glu Gln

Lys Arg Phe

110

Ala Leu Pro
125

Arg Ala Thr
140

Ser Leu Thr

Ser Glu Gln

Asn Tyr Glu
190

Pro Arg Ala
205

Val Ser Gln
220

Thr Leu Lys

Glu Ser Ile

Ile Phe Ile

270

Asp Leu Glu

Gly Tyr
15

Pro Thr

Lys Leu

Tyr Gly

Val Asp
80

Leu Lys
95

Val Pro

Arg Phe

Glu Ala

Ala Tyr
160

Val Thr
175

Glu Asp

Ala Asn

Leu Asp

Met Thr
240

Asn Phe
255

Ala Gly

Ala Ser
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-continued

120

275 280

285

Glu Leu Tyr Pro Asn Tyr Asn Tyr Thr Ser Val Asp Glu Tyr Leu Lys

290 295

300

Ile Cys Leu Val Asn Pro Pro Lys Pro Lys Leu Ala Thr Tyr Ala Gln

305 310 315

Pro Ser Thr

<210> SEQ ID NO 13

<211> LENGTH: 31

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 13

ctacatttga aatggeggcet caactcegea g

<210> SEQ ID NO 14

<211> LENGTH: 31

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide
<400> SEQUENCE: 14

ctgcggagtt gagccgecat ttcaaatgta g

<210> SEQ ID NO 15

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide

<400> SEQUENCE: 15

gggctggcaa gccacgtttyg gty

<210> SEQ ID NO 16

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide
<400> SEQUENCE: 16

cegggagety catgtgtcag agg

<210> SEQ ID NO 17

<211> LENGTH: 927

<212> TYPE: DNA

<213> ORGANISM: Larrea tridentate

<400> SEQUENCE: 17

atggcgcaga agagcaagat tttgatcatt ggaggcactg
gtcgaagcaa gcgccaagge tggcecatcct acctttgeat
tttcatcacyg ttaagggaaa acttgttaag aatttcaagg
catggggaca ttaatgatca tgagagcttg ctaaaggcaa
ttttctacge ttggtcacca tcatataggt gaccaacaca

gaggctggta atgtcaageg atattttect tccgaatteg

catgctgtgg atcccgtaaa atctgcatac agaatgaagg

gctacattgg

tggttagaga

atttaggcgt

ttaagcaagt

aagttattge

gcaatgatgt

ctcaaatccg

320

caaatccatt

aagcaccgte

caatcttgte

ggatgtggtg

tgctatcaaa

ggatcgatce

cagggctatce

31

31

23

23

60

120

180

240

300

360

420
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122

-continued
gaggctgaag ggatccccca cacttatgtt tcatgcaatt tetttgetgg ttatttecte 480
cctacattgg tacagttaga agtcaccget cctectagag acaaagtcac cattttaggg 540
gatggaaata aaaaagcaat attcaataag gaagatgata ttgcgactta tgcaatcaga 600
getgttgatyg atccacgaac actgaacaaa atcttgtaca ttagaacacc taaaaatacc 660
tacacgatga atgagcttgt cgccctgtgg gagaagaaaa ttggcaaatc gcttgagaag 720
atttatgcte cggaggacca aattctaaag aacattcaag agtctccegtt ttcgacacaa 780
gttatgttgt caatcaatca ttcegtettt gtaaagggtyg atcaaaccaa cttcgacatt 840
gatctgtett teggtgtgga ggctaccgag ctttatcctyg atgtcaacta taccaccgtt 900
gaagagtatc ttgatcaatt cgtttaa 927

<210> SEQ ID NO 18
<211> LENGTH: 308

<212> TYPE:

<213> ORGANISM:

PRT

<400> SEQUENCE: 18

Met Ala Gln Lys Ser Lys Ile Leu

1

Gly Lys Ser

Ala Leu Val

35

Ile Val Glu Ala Ser

20

Arg Glu Ser Thr Val

40

Val Lys Asn Phe Lys Asp Leu Gly

50

Asn Asp His

65

Phe Ser Thr

Ala Ala Ile

55

Glu Ser Leu Leu Lys

70

Leu Gly His His His

85

Lys Glu Ala Gly Asn

100

Phe Gly Asn Asp Val Asp Arg Ser

115

Ala Tyr Arg

130

Ile Pro His

145

120

Met Lys Ala Gln Ile

135

Thr Tyr Val Ser Cys
150

Pro Thr Leu Val Gln Leu Glu Val

165

Thr Ile Leu Gly Asp Gly Asn Lys

Asp Ile Ala
195

Asn Lys Ile

210

Glu Leu Val

225

Ile Tyr Ala

Phe Ser Thr

180

Thr Tyr Ala Ile Arg

200

Leu Tyr Ile Arg Thr

215

Ala Leu Trp Glu Lys
230

Pro Glu Asp Gln Ile

245

Gln Val Met Leu Ser

260

Gly Asp Gln Thr Asn Phe Asp Ile

Larrea tridentate

Ile

Ala

25

Phe

Val

Ala

Ile

Val

105

His

Arg

Asn

Thr

Lys

185

Ala

Pro

Lys

Leu

Ile
265

Asp

Ile

10

Lys

His

Asn

Ile

Gly

90

Lys

Ala

Arg

Phe

Ala

170

Ala

Val

Lys

Ile

Lys
250

Asn

Leu

Gly

Ala

His

Leu

Lys

75

Asp

Arg

Val

Ala

Phe

155

Pro

Ile

Asp

Asn

Gly
235
Asn

His

Ser

Gly Thr Gly
Gly His Pro
30

Val Lys Gly
45

Val His Gly
60

Gln Val Asp

Gln His Lys

Tyr Phe Pro
110

Asp Pro Val
125

Ile Glu Ala
140

Ala Gly Tyr

Pro Arg Asp

Phe Asn Lys
190

Asp Pro Arg
205

Thr Tyr Thr
220

Lys Ser Leu

Ile Gln Glu

Ser Val Phe

270

Phe Gly Val

Tyr Ile
15

Thr Phe

Lys Leu

Asp Ile

Val Val
80

Val Ile
95

Ser Glu

Lys Ser

Glu Gly

Phe Leu
160

Lys Val
175

Glu Asp

Thr Leu

Met Asn

Glu Lys
240

Ser Pro
255

Val Lys

Glu Ala
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124

275

280

285

Thr Glu Leu Tyr Pro Asp Val Asn Tyr Thr Thr Val Glu Glu Tyr Leu

290

Asp Gln Phe
305

<210> SEQ I
<211> LENGT.
<212> TYPE:

Val

D NO 19
H: 927
DNA

295

<213> ORGANISM: Larrea tridentate

<400> SEQUENCE: 19

atggcgcaga
gtcgaagcaa
tttcatcacyg
catggggaca
ttttctacge
gaggctggta
catgctgtgg
gaggctgaag
cctacattgg
gatggaaata
getgttgatyg
tacacgatga
atttatgtce
gttatgttgt
gatcecgtett
gaagagtatc
<210> SEQ I

<211> LENGT.
<212> TYPE:

agagcaagat
gegecaagge
ttaagggaaa
ttaatgatca
ttggtcacca
atgtcaagcg
atcccgtaaa
ggatccceca
tacagttaga
aaaaagcaat
atccacgaac
atgagettgt
cggaggacca
caatcaatca
tcggtgtgga
ttgatcaatt
D NO 20

H: 308
PRT

tttgatcatt

tggccatceg

acttgttaag

tgagagcttyg

tcatataggt

atattttcct

atctgcatac

cacttatgtt

agtcaccget

attcaataag

actgaacaaa

cgecectgtygy

aattctaaag

ttecegtettt

ggctaccgag

cgtttaa

ggaggcactg

acctttgeat

aatttcaagg

ctaaaggcaa

gaccaacaca

tctgaatteg

agaacgaagg

tcatgcaatt

cctectagag

gaagatgata

atcttgtaca

gagaagaaaa

aacattcaag

gtaaagggtg

ctttatcctyg

<213> ORGANISM: Larrea tridentate

<400> SEQUENCE: 20

Met Ala Gln
1

Gly Lys Ser

Ala Leu Val
35

Val Lys Asn
50

Asn Asp His
65

Phe Ser Thr

Ala Ala Ile

Phe Gly Asn
115

Lys Ser Lys Ile Leu

Ile Val Glu Ala Ser

Arg Glu Ser Thr Val

40

Phe Lys Asp Leu Gly

55

Glu Ser Leu Leu Lys

70

Leu Gly His His His

85

Lys Glu Ala Gly Asn

100

Asp Val Asp Arg Ser

120

Ile

Ala

Phe

Val

Ala

Ile

Val

105

His

Ile

10

Lys

His

Asn

Ile

Gly
90

Lys

Ala

Gly

Ala

His

Leu

Lys

75

Asp

Arg

Val

300

gctacattgg
tggttagaga
atttaggcgt
ttaagcaagt
aagttattge
gcaatgatgt
ctcaaatccg
tetttgetgg
acaaagtcac
ttgcgactta
ttagaacacc
ttggcaaatc
agtcteegtt
atcaaaccaa

atgtcaacta

Gly Thr Gly

Gly His Pro
30

Val Lys Gly
45

Val His Gly
60

Gln Val Asp

Gln His Lys

Tyr Phe Pro
110

Asp Pro Val
125

caaatccatt
aagcaccgte
caatcttgte
ggatgtggtg
tgctatcaaa
ggatcgatce
cagggctatce
ttatttcctce
cattttaggg
tgcaatcaga
taaaaatacc
gettgagaag
ttcgacacaa
cttecgacatt

taccaccgtt

Tyr Ile
15

Thr Phe

Lys Leu

Asp Ile

Val Val
80

Val Ile
95

Ser Glu

Lys Ser

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

927
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126

Ala Tyr Arg
130

Ile Pro His
145

Pro Thr Leu

Thr Ile Leu

Asp Ile Ala

195

Asn Lys Ile
210

Glu Leu Val
225

Ile Tyr Val

Phe Ser Thr

Gly Asp Gln

275

Thr Glu Leu
290

Asp Gln Phe
305

<210> SEQ I
<211> LENGT.
<212> TYPE:

Thr Lys Ala Gln Ile

135

Thr Tyr Val Ser Cys
150

Val Gln Leu Glu Val

165

Gly Asp Gly Asn Lys

180

Thr Tyr Ala Ile Arg

200

Leu Tyr Ile Arg Thr

215

Ala Leu Trp Glu Lys
230

Pro Glu Asp Gln Ile

245

Gln Val Met Leu Ser

260

Thr Asn Phe Asp Ile

280

Tyr Pro Asp Val Asn

Val

D NO 21
H: 927
DNA

295

Arg

Asn

Thr

Lys

185

Ala

Pro

Lys

Leu

Ile

265

Asp

Tyr

<213> ORGANISM: Larrea tridentate

<400> SEQUENCE: 21

atggcgcaga
gtcgaagcaa
tttcatcacyg

catggggaca

ttttctacge

gaggctggta

catgctgtgg

gaggctgaag

cctacattgg

gatggaaata

getgttgatyg

tacacgatga

atttatgttce

gttatgttgt

gatctgtett

gaagagtatc

<210> SEQ I

agagcaagat

gegecaagge

ttaagggaaa

ttaatgatca

ttggtcacca

atgtcaagcg

atcccgtaaa

ggatccceca

tacagttaga

aaaaagcaat

atccacgaac

atgagettgt

cggaggacca

caatcaatca

tcggtgtgga

ttgatcaatt

D NO 22

tttgatcatt

cggecatect

acttgttaag

tgagagcttyg

tcatataggt

atattttcct

atctgcatac

cacttatgtt

agtcaccget

attcaataag

actgaacaaa

cgecectgtygy

aattctaaag

ttecegtettt

ggctaccgag

cgtttaa

Arg

Phe

Ala

170

Ala

Val

Lys

Ile

Lys

250

Asn

Pro

Thr

Ala

Phe

155

Pro

Ile

Asp

Asn

Gly

235

Asn

His

Ser

Thr

ggaggcactg

acctttgeat

aatttcaagg

ctaaaggcaa

gaccaacaca

tccgaatteg

agaacgaagg

tcatgcaatt

cctectagag

gaagatgata

atcttgtaca

gagaagaaaa

aacattcaag

gtaaagggtg

ctttatcctyg

Ile Glu Ala
140

Ala Gly Tyr

Pro Arg Asp

Phe Asn Lys

190

Asp Pro Arg
205

Thr Tyr Thr
220

Lys Ser Leu

Ile Gln Glu

Ser Val Phe

270

Phe Gly Val
285

Val Glu Glu
300

gctacattgg
tggttagaga
atttaggcgt
ttaagcaagt
aagttattge
gcaatgatgt
ctcaaatccg
tetttgetgg
acaaagtcac
tcgegactta
ttagaacacc
ttggcaaatc
agtcteegtt
atcaaaccaa

atgtcaacta

Glu Gly
Phe Leu
160

Lys Val
175

Glu Asp

Thr Leu

Met Asn

Glu Lys

240

Ser Pro
255

Val Lys

Glu Ala

Tyr Leu

caaatccatt
aagcaccgte
caatcttgte
ggatgtggtg
tgctatcaaa
ggatcgatce
cagggctatce
ttatttcctce
cattttaggg
tgcaatcaga
taaaaatacc
gettgagaag
ttcgacacaa
cttecgacatt

taccaccgtt

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

927
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128

-continued

<211> LENGTH: 308

<212> TYPE: PRT

<213> ORGANISM: Larrea tridentate
<400> SEQUENCE: 22

Met Ala
1

Ile Ile Ile

10

Gln Lys Ser Lys Leu Gly Gly Thr

Ile
20

Val Glu Ala Ala

25

Gly Lys Ser Ser Lys Ala Gly His

Ala Leu Val Arg Glu Ser Thr Val Phe His His Val Lys

45
Phe

Val Val

60

Leu Asn Leu His

55

Lys Asn

50

Lys Asp Gly

Glu Leu Leu Ala Ile Gln Val

70

Asn His Ser

65

Asp Lys Lys

75

Phe Ser Thr Leu Gly His His His Ile Gln His

85

Gly
90

Asp

Ala Ala Ile Glu Ala Val

105

Lys Asn Phe

100

Gly Lys Arg Tyr

Phe Val Ala Val Pro

125

Gly Ser His

120

Asn
115

Asp Asp Arg Asp

Ala Thr Ala Gln

135

Ile Ala Ile

140

Tyr Glu

130

Arg Lys Arg Arg

Ile
145

Thr Val

150

Phe Phe

155

Pro His Tyr Ser Cys Asn Ala Gly

Thr Val Gln

165

Glu Val Thr Ala

170

Pro Leu Leu Pro Pro Arg

Thr Ile Leu Gly Asn Ala Ile Phe Asn

180

Asp Gly Lys Lys

185
Ile Ala
195

Thr Ala Ile Ala Val Pro

205

Asp Tyr Arg

200

Asp Asp

Ile Ile Thr Thr

220

Asn Lys Leu Pro Asn

210

Tyr Arg

215

Lys Tyr

Glu
225

Leu Val Ala Leu Trp Glu Ile Ser

230

Lys Lys Gly

235

Lys

Ile Val Glu

245

Tyr Pro Asp Gln Ile Leu Lys Asn Ile Gln

250
Phe

Thr Gln

260

Val Met Ile

265

Ser Leu Ser Asn His Ser Val

Gln
275

Thr Phe Ile

280

Gly Asp Asn Asp Asp Leu Ser Phe Gly

285
Thr Glu
290

Val
295

Thr Thr Val

300

Leu Tyr Pro Asp Asn Tyr Glu

Asp Gln Phe Val

305

Gly

Pro

30

Gly

Gly

Asp

Lys

Pro

110

Val

Ala

Tyr

Asp

Lys

190

Arg

Thr

Leu

Glu

Phe

270

Val

Glu

Tyr Ile

15

Thr Phe

Lys Leu

Asp Ile

Val Val

80

Val
95

Ile

Ser Glu

Lys Ser

Glu Gly

Phe Leu

160
Lys Val
175

Glu Asp

Thr Leu

Met Asn

Glu Lys

240
Ser Pro
255

Val Lys

Glu Ala

Tyr Leu

The invention claimed is:

1. A recombinant expression vector, comprising at least
one nucleic acid sequence that encodes a polypeptide com-
prising the amino acid sequence of SEQ ID NO: 2, or a
polypeptide comprising an amino acid sequence that is at
least 99%, 98%, 97%, 96%, or 95% identical to SEQ ID NO:
2, the at least one nucleic acid sequence in operative associa-
tion with transcriptional and translational regulatory regions
or sequences suitable to provide for expression of the encoded
polypeptide in a host cell, wherein the encoded polypeptide
comprises a NADH-binding domain having a lysine residue

60

65

corresponding to amino acid position 133 of SEQ ID NO: 2,
and the encoded polypeptide converts p-coumaryl or
coniferyl alcohol esters into chavicol, eugenol, or estragole.

2. A recombinant expression vector, comprising at least
one nucleic acid sequence selected from the group consisting
of SEQIDNOS: 1, 3,17, 19, and 21 wherein the nucleic acid
sequence encodes a polypeptide comprising the amino acid
sequence SEQ 1D NO: 2, 4, 18, 20, or 22.

3. The recombinant expression vector of claim 1, wherein
the host cell is a plant cell, yeast cell, bacterial cell, or insect
cell.
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4. The recombinant expression vector of claim 3, wherein
the host cell is a plant cell.
5. A host cell, transformed with a recombinant expression
vector comprising at least one nucleic acid sequence that
encodes a polypeptide comprising the amino acid sequence of
SEQ ID NO: 2, or a polypeptide comprising an amino acid
sequence that is at least 99%, 98%, 97%, 96%, or 95% iden-
tical to SEQ ID NO: 2, the at least one nucleic acid sequence
in operative association with transcriptional and translational
regulatory regions or sequences suitable to provide for
expression of the encoded polypeptide in the host cell,
wherein the encoded polypeptide comprises a NADH-bind-
ing domain having a lysine residue corresponding to amino
acid position 133 of SEQ ID NO: 2, and the encoded polypep-
tide converts p-coumaryl or coniferyl alcohol esters into
chavicol, eugenol, or estragole.
6. The host cell of claim 5, wherein the host cell is a plant
cell.
7. A host cell, comprising a first recombinant DNA con-
struct and a second recombinant DNA construct, wherein
the first recombinant DNA construct comprises a first DNA
sequence encoding a polypeptide comprising the amino
acid sequence SEQ ID NO: 2, or a polypeptide compris-
ing an amino acid sequence that is at least 99%, 98%,
97%, 96%, or 95% identical to SEQ ID NO: 2, the first
DNA sequence in operative association with transcrip-
tional and translational regulatory regions or sequences
suitable to provide for expression of the encoded
polypeptide in the host cell,
wherein the encoded polypeptide comprises a NADH-
binding domain having a lysine residue corresponding
to amino acid position 133 of SEQ ID NO: 2, and the
encoded polypeptide converts p-coumaryl or coniferyl
alcohol esters into chavicol, eugenol, or estragole, and

wherein the second recombinant DNA construct comprises
a second DNA sequence encoding an acyl transferase
suitable for acylation on monolignols forming esters, the
second DNA sequence in operative association with
transcriptional and translational regulatory regions or
sequences suitable to provide for expression of the
encoded acyl transferase in the host cell.

8. The host cell of claim 7, wherein the host cell is a plant
cell, and wherein the first and second recombinant DNA
constructs are present as parts of a single recombinant DNA
construct, or are present on separate recombinant DNA con-
structs.

9. The host cell of claim 7, wherein the host cell is a plant
cell, yeast cell, bacterial cell, or insect cell.

10. The host cell of claim 9, wherein the host cell is a plant
cell.

11. A plant having at least one cell transformed with the
recombinant expression vector of claim 1.

12. A plant seed comprising at least one cell transformed
with the recombinant expression vector of claim 1.

13. A method of making a re-engineered cultured cell or
plant having a re-engineered biomass composition compris-
ing

introducing into a cultured cell or plant, a recombinant

expression vector

to provide for expression of a regiospecific reductase suit-

able to transfer a hydride to either the C-7position, or the
C-9 position of at least one monolignol acyl ester or to a
quinone methide derivative thereof, to provide at least
one propenyl phenol derivative,

20
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wherein the recombinant expression vector comprises at
least one nucleic acid sequence that encodes a polypep-
tide comprising an amino acid sequence selected from
the group consisting of:
SEQ ID NO: 2;
apolypeptide comprising an amino acid sequence that is
at least 99%, 98%, 97%, 96%, or 95% identical to
SEQ ID NO:2, wherein the polypeptide comprises a
NADH-binding domain having a lysine residue cor-
responding to amino acid position 133 of SEQID NO:
2, and the polypeptide converts p-coumaryl or
coniferyl alcohol esters into chavicol, eugenol, or
estragole; and
SEQ ID NO: 6,
the at least one nucleic acid sequence in operative associa-
tion with transcriptional and translational regulatory
regions or sequences suitable to provide for expression
of the encoded polypeptide in the cultured cell or plant,
thereby making a re-engineered cultured cell or plant and
thereby re-engineering the biomass composition of the
re-engineered cultured cell or plant.

14. The method of claim 13, further comprising expression
of at least one monolignol acyl transferase suitable for acy-
lating at least one monolignol to form the at least one mono-
lignol acyl ester.

15. The method of claim 14, wherein the monolignol acyl
transferase is that of Larrea tridentata.

16. The method of claim 13, wherein the at least one
monolignol acyl ester comprises p-coumaryl alcohol ester or
coniferyl alcohol ester, and wherein the at least one propenyl
phenol derivative comprises eugenol, chavicol, or estragole.

17. The method of claim 13, wherein the re-engineering of
the biomass composition diverts monolignol carbon flow
away from lignin biopolymer formation in the re-engineered
cultured cell or plant.

18. The method of claim 13, wherein the re-engineering of
the biomass composition converts monolignols into propenyl
phenols in the re-engineered cultured cell or plant.

19. The method of claim 13, wherein the re-engineering of
the biomass composition alters the amount or composition of
lignins in the re-engineered cultured cell or plant.

20. The method of claim 19, wherein the altered amount or
composition of lignins alters the dynamic modulus of the
re-engineered cultured cell or plant relative to a control cell or
plant.

21. The method of claim 20, wherein the amount of lignins
is reduced and the dynamic modulus is reduced relative to a
control cell or plant.

22. The method of claim 19, wherein the altered amount or
composition of lignins alters the formation of reaction tissue
in the re-engineered cultured cell or plant relative to a control
cell or plant.

23. The method of claim 22, wherein the amount of lignins
is reduced and the amount of reaction tissue is increased
and/or the composition of reaction tissue is altered relative to
a control cell or plant.

24. The method of claim 19, wherein the altered amount or
composition of lignins alters the antimicrobial, analgesic, or
plant defense properties of the re-engineered cultured cell or
plant relative to a control cell or plant.

25. The method of claim 24, wherein the amount of lignins
is reduced and the amount of antimicrobial, analgesic, or
plant defense properties is increased relative to a control cell
or plant.
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26. The method of claim 19, wherein the altered amount or
composition of lignins alters the flavor or fragrance properties
of'the re-engineered cultured cell or plant relative to a control
cell or plant.

27. The method of claim 26, wherein the amount of lignins
is reduced and alters the flavor or fragrance properties of the
re-engineered cultured cell or plant relative to a control cell or
plant.

28. The method of claim 13, further comprising isolating
the at least one propenyl phenol derivative from the re-engi-
neered cultured cell or plant to provide for at least one of: an
isolated propenyl phenol derivative or biofuel; a propenyl
phenol-depleted cell culture material; and a propenyl phenol-
depleted plant material.

29. The method of claim 28, further comprising making,
from the at least one isolated propenyl phenol derivative, at
least one product selected from the group consisting of anti-
bacterials, plant defense agents, analgesic agents, flavoring
agents, polymer building blocks, and biofuels.

30. The method of claim 28, further comprising fermenting
atleast one of the propenyl phenol-depleted cell culture mate-
rial and the propenyl phenol-depleted plant material.

31. The method of claim 30, wherein the fermenting com-
prises fermenting to produce ethanol.

32. The method of claim 28, further comprising producing
wood, pulp, or paper products using at least one of the pro-

10

15
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penyl phenol-depleted cell culture material and the propenyl
phenol-depleted plant material.
33. The method of claim 13, further comprising making,
from the re-engineered cultured cell or plant, at least one
product selected from the group consisting of antibacterials,
plant defense agents, analgesic agents, flavoring agents, poly-
mer building blocks, and biofuels.
34. The method of claim 13, further comprising fermenting
the re-engineered cultured cell or plant.
35. The method of claim 34, wherein fermenting comprises
fermenting to produce ethanol.
36. The method of claim 13, wherein the recombinant
expression vector comprises at least one nucleic acid
sequence that encodes a polypeptide comprising an amino
acid sequence selected from the group consisting of
SEQ ID NO:2, and
a polypeptide sequence that is at least 99%, 98%, 97%,
96% or 95% identical to SEQ ID NO: 2,

wherein the polypeptide comprises a NADH-binding
domain having a lysine residue corresponding to amino
acid position 133 of SEQ ID NO: 2, and the polypeptide
converts p-coumaryl or coniferyl alcohol esters into
chavicol, eugenol, or estragole.
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